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PREFACE 


The spectacular growth of space activity since the launching of 
Sputnik I on October 4, 1957, requires careful assessment of the oppor¬ 
tunities that space exploration provides so that emphasis on those 
opportunities is reasonably optimized. Among the space activities of 
exploration, application, and scientific research, the last is precedent 
to man’s other space endeavors. Space applications and man-in-space 
ventures depend for their success on adequate knowledge of space. 
Consequently, the necessary antecedent research must be completed 
bet ore dependent space activities can be most effectively pursued. In 
addition, space offers a whole new vista of scientific advancement which 
belore was inaccessible. Scientific experiments in many exciting fields 
ol knowledge can now be planned, and these can supplement older 
methods of research in a very critical way. 

this volume presents a review ol the new scientific opportunities 
oflered by space science. It is directed to research workers whose 
scientific activities may be influenced by the new opportunities for 
experiment offered by growing access to space. In some cases, such as 
astronomy, new opportunities promise to revolutionize the science. In 
other cases, space research can critically supplement existing methods. 
Therefore this volume endeavors to put these new opportunities afforded 
by space science in some perspective. If our space science program is 
to be optimized, it must take root across a broad segment of scientific 
activity in our universities, our scientific laboratories, and our industrial 
life. 

This volume may also be of interest to general readers who are con- 
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cerned about the national space effort. While some of the chapters 
admittedly are somewhat technical, others present few if any difficulties. 
They will suggest the nature of the scientific challenges afforded by the 
tools of the space age, the types of applications in the offing, and the 


questions that must be faced if our space endeavors are to be well con¬ 
ceived and executed. 


The material of this volume has been contributed from a broad spectrum 
of American and foreign scientists. All members of the Space Science 
Board and of its committees have contributed through discussion, 
criticism, and editorial comment. In addition, many scientists outside 
the formal organization of the Board have given freely of their time and 
assistance. Therefore, full recognition to all those who have taken part 
in writing the volume is beyond the capabilities of the editors. We 
particularly express our appreciation to the President of the Academy, 
Dr. Detlev W. Bronk, who has sat with the Board during critical dis¬ 
cussions, for his advice and guidance. 

We are indebted to several members of the Board’s secretariat for 


assistance in the planning and preparation of the volume: G. A. Derby¬ 
shire, E. R. Dyer, Jr., J. Orlen, J. P. T. Pearman, and R. C. Peavey. 
We are also much obligated to Miss Hope Marindin and Miss Grace C. 
Marshall for their devoted secretarial, proofreading, and indexing help. 


Lloyd F. Berlmr 
Hugh Odishaw 

Washington, D.C. 

January 1,1961 
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DIMENSIONS AND PROBLEMS 

L. V. Berkner and Hugh 0 dishaw 


1. THE NATURE OF SPACE ACTIVITY 


Perhaps no venture in man's history has proclaimed its immediate 
challenges and problems as quickly and clearly as space exploration. In 
part this has come about because there are at hand and in the offing 
rocket systems capable of reaching out far into the solar system with sig¬ 
nificant cargoes. This capability points directly and compellingly to a 
host of important scientific problems and applications whose solutions call 
for satellites and space probes. 

In the past, man has been tied to the Earth. What he has learned of 
the universe until very recent times has been based upon Earth-bound 
observations. From these observations, he nonetheless has learned much 
about the very high atmosphere, the solar system, stars in our own galaxy, 
and about galaxies beyond. When we consider the remarkable knowledge 
of the universe attained by astronomers, dependent upon only a thin slit 
in the electromagnetic spectrum, we can sense the excitement engendered 
by prospects of more direct contact with the universe. Even if we add 
the radio-frequency window to the narrow light-wave window, the sum 
gives astronomy about twenty octaves (about 100 kilocycles per second) 
of the electromagnetic spectrum with which to investigate the universe 
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from the Earth because atmospheric attenuation precludes use of the 
whole spectrum. Yet an additional forty octaves are in principle avail¬ 
able to instruments flown just above the Earth’s masking atmosphere. 
The radiations in this heretofore hidden spectrum contain some of the 


most important information that the universe provides. 

Space tools afford even further opportunities. They permit the trans¬ 
port of measuring devices into interplanetary space, there to record 
directly particles, fields, and radiations. They can carry instruments to 
the moon and to other planets for in situ detection and measurement. 
They will ultimately take men to these regions and bodies. In short, 
space carriers open up prospects that lead to the following generalization, 
if we are to sense how it is that the current challenges of space science are 


so clear and compelling: in the past man has largely had immediately 
before him the small, finite Earth alone, along with its lower atmosphere, 
for direct investigation; he now has, in principle, an infinite volume of 
space and matter accessible to him. 

Consequently this ability to penetrate directly into the interplanetary 
medium and to reach other bodies in the solar system has a special mean¬ 
ing. It means a vast extension of opportunities for detection and observa¬ 
tion above the Earth’s interfering atmosphere. But even more, it means 
that man is now equipped to conduct experiments in contrast to making 
observations. The conduct of controlled experiments leads to deduction; 
the passive taking of observations only permits inference. 

Observation is characterized in most fields of the geophysical sciences 


by superimposition of many variables in the collected data. Thus 
voluminous quantities of data are required, over years and centuries, if 
the many parameters are to be separated and defined; and the data reduc¬ 
tion and processes of analysis are complex, protracted, and arduous. A 
specific phenomenon under study may be buried in the mass of accom¬ 
panying other variables, analogous to the presence of a desired but weak 
radio signal in a “hash” of radio noise: the high noise level masks the 
wanted signal. 

The ability to conduct an experiment, however, permits the gifted 
experimenter to devise his measurements in such a fashion as to separate 
the variable of interest from the many unwanted ones. Perhaps after 
decades and perhaps centuries of conventional observations, the Van Allen 
Radiation Belts might have been inferred, but the conduct of appropriate 
experiments quickly and directly established their existence and defined 
their character. Similarly the Argus experiment, by injecting into the 
high atmosphere a known quantity of charged particles at a known time 
and place permitted the conduct of a unique experiment dealing with the 
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control mechanism of the Earth’s magnetic field. The interior structure 
of the Moon and other planets will never be within reach until seismic and 
related experiments can be conducted from their surfaces: no amount of 
observation from the Earth can ever penetrate these mysteries. 

Science is not the only claimant upon the energies that man is even now 
devoting to space efforts. Tools at hand, and projects already under 
way, point to three principal and overlapping areas of space activity: 

First, exploration. 

Second, application. 

Third, research. 

In spite of the inevitable overlap among these three categories, each can 
be said to have its own rationale and urgency, and each is best considered 
independently from the point of view of support. 

Exploration. Perhaps the basic motivation behind the exploration of 
space affecting the generality of mankind is adventure. Even if space 
endeavors did not embrace science and application, this unparalleled 
adventure would be pursued, for man’s history is at least in part a recital 
of the curiosity which has led him to voyages of exploration and discovery 
on his own planet from ancient days to the present. But exploration is 
more than adventure: it is the act of searching, the quest for discovery; 
and exploration has no lasting value except for critical studies that 
advance man’s knowledge step by step. The hazards and cost of adven¬ 
ture and leadership through space exploration call for careful and critical 
analysis by the makers of policy: the effort and priority in this area should 
not be for personal aggrandizement at the expense of important work that 
lies before man in research and application. 

Thus the pursuit of even this activity—exploration by man—should 
be integrated as closely as possible with research. The reasons are several 
and self-explicit. For example, if we had been able to launch man into 
space five years ago and had done it successfully, without prior physical 
experiments, man would have perished there, a victim of our lack of 
knowledge of certain radiations in space. Sound exploration must go 
hand in hand with research. 

Application. It is patently clear that several applications are within 
grasp: no new principles, yet to be discovered, are called for; no recondite 
technological problems stand in our way. Rather straightforward prob¬ 
lems in rocket-vehicle systems and technology, amenable to reasonably 

prompt solution, are all that we face.plus the decision to pursue the 

objectives with vigor. The applications include meteorology (and here 
TIROS I is the brilliant precursor), communications, and geodesy. 

Weather satellites, reporting cloud cover and storm patterns, are of 
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obvious day-to-day significance to the peoples of the world. Communi¬ 
cations satellites afford the promise of extending, in effect, the available 
frequency spectrum by as much as several orders of magnitude. Geodetic 
satellites will provide more accurate means for navigation and mapping. 

Research. From unique information about the solid Earth itself to 
new insights into extragalactic astronomy, space research affords innumer¬ 
able opportunities for advances in science. To these opportunities and 
problems are devoted the bulk of this book, which suggests how much can 
be undertaken if suitable spacecraft are available, if a broad program of 
background and flight-directed research is undertaken, and if the full 
potential of creativity among scientists throughout the nation is devel¬ 
oped. Achievements in this area are ultimately the proper first objec¬ 
tives of space efforts and the basis of true exploration. Their attainment 
—whether as contributions to knowledge, or ultimately to applications, 
or to national leadership—represents substantive accomplishment 
as against the ephemeral and already discounted “stunts” that are 
attempted from time to time. 

What has been learned of the upper atmosphere and near space so far? 
What does this knowledge mean as a guide to further efforts? What is 
the status of development of space systems upon which future efforts 
depend? What are the prospects of practical applications of Earth 
satellites? What is the role of man in space? Why is science deeply 
concerned about the research prospects afforded by spacecraft? How 
can we best go about the complicated business of properly and economi¬ 
cally planning and conducting meaningful space activities? These and 
similar questions are pertinent and timely. Yet answers are not easy 
because the sum total of all that is involved in our current space endeavors 
represents an evolving, intricate complex of interests, forces, and activi¬ 
ties. Yet answers to questions such as those above must be pursued, and 
the remainder of this chapter is concerned with such problems in a pre¬ 
liminary, tentative way in the hope that responsible public debate may 
be stimulated. 

2. ROCKETS, SATELLITES, AND PROBES 

The use of sounding rockets, which rise almost vertically and return to 
Earth directly, for measurements in the upper atmosphere is significant 
because it has yielded important and unique data and because it was the 
necessary precursor to space systems. Moreover, satellites and space 
probes do not relegate sounding rockets to obsolescence, for sounding 
rockets have unique virtues in studies of the lower and higher reaches of 
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the atmosphere. They provide a means for examining a large region 
above the reach of balloons and below the altitudes where satellites can 
long endure. They permit the investigation of events and processes as a 
function of altitude. They also afford a useful tool for trying out, in a 
meaningful way, space instruments before their commitment to more 
expensive space flights. 

Direct access to the upper atmosphere for scientific observation and 
experiment has come only in the past two decades. Before then, knowl¬ 
edge of the upper atmosphere depended upon indirect measurements. 
For example, scientists had probed the ionized layers of the atmosphere 
between some 80 and 500 km above the Earth’s surface, largely by send¬ 
ing short bursts of radio energy skyward and by examining the reflections. 
From these reflections, which yielded the virtual heights of the reflecting 
layers as a function of frequency, the gross features of the ionosphere and 
its behavior were mapped. The knowledge gained thereby has been 
helpful to man’s utilization of radio waves in their many forms and appli¬ 
cations. Yet this hard-won knowledge has depended upon indirect 
observations: the region itself was not penetrated and thus in situ meas¬ 
urements were impossible. These limitations have been removed with 
the advent of atmospheric sounding rockets. 

Following the first, military utilization of large rockets by the Germans 
during World War II, the application of sounding rockets to research was 
developed by several nations, particularly the United States. These 
experiments led to important advances in our knowledge of the atmos¬ 
phere, the ionosphere, and the Sun. Early rocket experiments demon¬ 
strated the feasibility of obtaining cross-sectional measurements through 
the atmosphere, thus yielding connecting relationships in the troposphere, 


stratosphere, mesosphere, and ionosphere. 

The results of sounding rocket research are extensive, and a few exam¬ 
ples will suggest this. The detection of X rays and of auroral particles 
in the upper atmosphere and of the penetration of equatorial ionospheric 
current sheets were made possible by sounding rockets. The first detailed 
photograph of the solar ultraviolet spectrum was made possible by rocket- 
borne instrumentation. The first photograph of an earth-invisible, 
gigantic tropical storm was achieved by rocket technology, presaging the 
pictorial mapping transmitted by TIROS I. 

Pressure, temperature, density, and composition have been measured 
through cross sections of the atmosphere to altitudes extending some 
300 kin" over many rocket-launching sites. In the ionosphere, electron 
density data have been obtained, and the ditlusive separation of the com¬ 
ponents of the atmosphere below and above the E-region have been 
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measured. Rockets have soared directly into active auroras, permitting 
the study of the electromagnetic and particle radiations. Such studies 
have shown, for example, that the soft radiation flux above 40 km is many 
times that of the primary cosmic ray count. Rockets have significantly 
augmented investigations of secondary cosmic rays on ground and of 
primaries by means of balloons: intensities and compositions of the pri¬ 
mary radiations have been determined by instruments above the denser 
layers of the atmosphere with which the primaries react. The Earth's 
magnetic field has been measured in the auroral regions while in the 
equatorial regions electric currents have been observed through their 
magnetic effect. 

Fields of science other than those directly concerned with the upper 
atmosphere have profited from rocketry. From above the masking 
layers of the atmosphere, astronomy has gained new knowledge of solar 
radiations and their spectra and of stellar ultraviolet radiation. Rockets 
have also made possible the conduct of man-made experiments in the 
upper atmosphere. The ejection of sodium vapor, for example, has per¬ 
mitted the measurement of its radiations under the stimulus of particle 
and radiation impact, of atmospheric winds as the vapor was carried 
along, and of its diffusion. The injection of electrons into the upper 
atmosphere in the Argus experiment contributed markedly to an under¬ 
standing of the trapping of charged particles by the Earth’s magnetic field. 

Some of the above findings were made in the years immediately follow¬ 
ing the last war, and many were made during the intensified research 
period of the International Geophysical Year. During the planning of 
the IGY—an unprecedented attack on problems of our planet and its 
spatial environment—it was clear that rocket vehicles afforded powerful 
tools for exploring the upper atmosphere. Accordingly, strong endorse¬ 
ment to sounding rocket programs was given by the international scien¬ 
tific community planning the IGY. But more than this took place: the 
established body of new knowledge of the high atmosphere, wrested from 
Nature only by sounding rockets, suggested clearly that extensions of 
the technique offered even greater insights into the nature of near space, 
the relationships between solar activity and events and processes near 
Earth, and into the cosmos itself. These prospects, about which some 
technically sound conjectures had been made some years earlier, took on 
a more hopeful aspect because technological advances in rocket system 
design and construction, in guidance and control, and in related engi¬ 
neering devices and techniques suggested the imminent feasibility of 
satellites. 

Thus the IGY incorporated recommendations advocating geophysical 
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research using space vehicles. The impetus was simple: while sounding 
rockets provide directly sensed data of the upper atmosphere, their lives 
are brief and their spatial coverage restricted to a “line slice.” Yet the 
parameters of events in space vary extensively with space and with time: 
keenly desired were tools of long life, able to map out variations of many 
phenomena throughout the expanse of space in the vicinity of the Earth 
and over appreciable periods of time. 

Less than four years have passed since the first satellite was launched 
into near space. During that interval some very significant results have 
been obtained. Four are noted here not only because they are of intrinsic 
interest in themselves but because they demonstrate the power of space 
tools in garnering important data about space and about Earth. 

The discovery of the Van Allen Radiation Belts, in which both satel¬ 
lites and deep space probes were used, stands as 4 >ne of the great dis¬ 
coveries in the history of geophysics. The achievement entails not only 
the discovery of two vast regions of space and of the particle population 
of these regions but also provides the basis for a unified description of 
variations of the Earth’s magnetic field, the aurora, and solar particles 
in a much more realistic and exciting way. 

The inner Van Allen Belt was first publicly reported on May 1, 1958, 
at the National Academy of Sciences in Washington, based on measure¬ 
ments aboard the early Explorer satellites. The Van Allen particles 
appear above 120 km in northern latitudes and 360 km above the equator 
and extend over the equator out to about 4000 km. Stoermer’s theo¬ 
retical studies postulated long ago that charged particles could be 
trapped in the Earth’s field and forced to spiral between northern and 
southern mirror points. But without experiment, the applicability of 
Stoermer’s calculations could not be assessed. Now we find that over a 
period of time, the number of captured particles can increase appreciably, 
accounting for the formation of a Van Allen Belt. It is probable that at 
least some of the Van Allen particles in the inner belt arise from beta 
decay of cosmic ray neutrons. 

Van Allen and his colleagues obtained further striking results from 
space probes Pioneer III and IV: the second Van Allen Belt was dis¬ 
covered to range from 10,000 to 60,000 km beyond the Earth’s surface. 
The structure and composition of this outer zone are not clear. Solar 
disturbances appear to play a role. Plasma clouds from the Sun, bearing 
protons and electrons, reach the vicinity of the Earth and interact with its 
magnetic field. Particles from the outer zone are released by this inter¬ 
action into the atmosphere, and this is followed by an increase in the 
number of electrons (of energy 10 kev or higher) within the outer zone. 
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The energy has its source in the kinetic energy of the plasma cloud: 
how the energy is transferred remains unknown, and much further research 
is called for before the nature of the structure and composition of the outer 
Van Allen Belt can be satisfactorily established. Yet the existence of the 
belts and that which is known about their properties are of fundamental 
significance: first, because a major feature of near space has been dis¬ 
covered and its general nature outlined and, second, because the belts 
suggest the prospect of an integrating concept of a variety of geophysical 
phenomena and processes. 

The second great achievement made possible by IGY satellites relates 
to the shape of Earth. Here the first small Vanguard satellite has per¬ 
mitted O’Keefe and his associates to make detailed studies of its orbits. 
Their findings resulted in the postulation of a “pear-shaped” model of 
the Earth. The apparent variation from the previous theoretical model 
is small even in comparison to the 21 km difference between equatorial 
and polar radii, but it is extremely important in terms of the Earth’s 
structure and surface loading. Moreover, this initial study points out 
the scientific value of satellites in studying the solid Earth itself because 
eventual checks on surface distortion may have a profound effect on 
theories of isostasy and of internal structure and mass distribution. 

Satellites of both the U.S.S.R. and the United States also provided 
valuable data on drag and density and on satellite environmental condi¬ 
tions—e.g., temperatures. Soviet satellites, with transmissions at 20 
and 40 megacycles, afford an opportunity for ionospheric studies when 
the receptions can be coupled with precise positional data. One of the 
most striking findings in the field of near-space structure relates to drag. 
Jacchia has established a correlation between the drag on a satellite and 
solar activity: the correlation between Vanguard I drag and ( a ) solar flux 
index at 10.7 cm wavelengths and (6) magnetic activity index is 
remarkable. 

The fourth advance is concerned with meteorology. Rocket photog¬ 
raphy had some years ago revealed cloud cover over thousands of square 
miles and had betrayed the birth of a major storm in the structure of 
cloud patterns—a storm unsuspected from ground observations. Two 
IGY satellites were devoted to meteorological problems: one to a scan ol 
clouds, the other to measurements of the Earth’s radiation balance. 
With the launching of TIROS I, however, the great potential of meteor¬ 
ological satellites was demonstrated. The striking photographic cover¬ 
age, over vast expanses and about the Earth, provide data for research 
as well as information for storm warning purposes. A major initial step 



DIMENSIONS AND PROBLEMS 


11 


in applying satellite tools to problems of meteorology has been taken in 
this venture. 

These examples make meaningful the argument that spacecraft are 
powerful tools of research. The dominant features of artificial Earth 
satellites as tools for research are three in number. 

First, their sensors can look down at the Earth and at what lies between. 
The photography of cloud cover is a most vivid illustration, but even in 
meteorology one can look forward to devices yet undeveloped that may 
measure altitude-dependent parameters. Another example relates to 
their geodetic utility. Tied to Earth, satellites are in the grip of the 
Earth’s gravitational field, and careful determinations of their orbital 
perturbations betray variations in the gravitational field, providing new 
insights into the shape and structure of the Earth. 

Second, satellites about the Earth can look around and sample their 
immediate environment. Properly instrumented they can measure par¬ 
ticles, radiations, and fields about them. Done systematically this yields 
a mapping of all such events in the ellipsoidal shell about the Earth form¬ 
ing the satellite’s orbital envelope and, sustained over appreciable periods 
of time, provides the temporal variation of local events. Thus, “look 
around” means in situ measurements and controlled experiments as a 
function of space and time. Again the difference between observation 
and experiment is pertinent, for observation generally includes a confus¬ 
ing complex of unwanted variables that mask the sought-after quantity 
while sound experiments can be simple and critical, directed to searching 
out what the experimenter is after specifically. 

Third, artificial satellites can look out into space, their sensors examin¬ 
ing the Moon, the Sun, and other stars, intercepting radiations and 
particles. It is this attribute which commends satellite vehicles for 
astronomical observations, beyond the refracting, reflecting, and absorb¬ 
ing blanket of air—provided that less difficult approaches (e.g. balloons 
and sounding rockets) have been exhausted. 

Given these qualities of an artificial Earth satellite, one can readily 
extrapolate along two lines as to the uses of other types of spacecraft. 
First, the utility of space probes lies primarily in their ability to measure 
phenomena in their own vicinity over extended trajectories far away 
from Earth. Space probes provide the only tool we know for direct 
measurements of the particles, radiations, and electromagnetic fields in 
the interplanetary medium and in the fantastic space beyond our solar 
system which these vehicles may some day reach. They also provide a 
means for better views of other bodies in the solar system the Moon 
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and the planets—by passing near them. Second, the utility of satellites 
about the Moon and planets is comparable to that summarized for Earth 
satellites. Of particular value is the detailed information that could be 
secured by such satellites about the atmospheres of the planets, about 
their gross surface features where photographable, and about their 
gravitational and magnetic fields. Finally, spacecraft that can land on 
the Moon and the other planets would permit a vast increase in the 
acquisition of scientific data. Initially such craft can be expected to 
deliver instrumented complexes whose findings would be radioed back to 
Earth. Ultimately manned ventures may be undertaken. 

3. SPACE VEHICLES 

The availability of enough reliable vehicles with varying payload 
capacities and ranges is an obvious prerequisite to the study of space. 
The vehicular program of the National Aeronautics and Space Adminis¬ 
tration—past, present, and future—embraces 13 systems: Vanguard, 
Juno II, Scout, Thor-Able, Delta, Thor-Agena B, Redstone, Atlas, 
Atlas-Able, Atlas-Agena B, Centaur, Saturn, and Nova. 1 Eight of 
these systems are of current interest, and Table 5 presents some of their 
characteristics. Of these, in turn, six are of greatest interest because 
they represent the likely systems that will be used for some years by 
NASA: Scout, Thor-Agena B, Atlas, Atlas-Agena B, Centaur, and 
Saturn. 2 

The intent of NASA, in its concentration on a few space systems, is 
to develop an economical family of reliable carriers having among its 
members sufficient flexibility for a variety of objectives, from those 
relating to artificial Earth satellites to those relating to heavy-payload 
planetary investigations. The rule which NASA has imposed upon itself 
is: “Reduce to a minimum the number of different types of vehicles and 
components that are developed and thereby increase the frequency with 
which those that remain are used.” 3 The application of this rule to 
current and coming vehicular needs has led NASA to undertake launch 
vehicle development in five categories. 4 

Category I. Scout is the system which now meets the requirements 
of this class. A four-stage solid-propellant vehicle, the Scout was first 
test-launched on July 1, 1960. Its utility is largely twofold. It can 
serve a variety of research needs as an Earth-satellite carrier; in this 
application it can put some 60 kg into an orbit of about 500 km. For 
neai-space probe purposes, the Scout will be able to serve as a high 
sounding rocket with maximum range of some 6500 km. It is relatively 
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low in cost: production and launching costs are expected to be about one 
million dollars per firing. 

Category II. The vehicle desired here is one of substantially more 
weight capacity than Scout but less than Centaur. It would serve for 
heavier Earth-satellite purposes (some 600 kg in a 500-km orbit) and in 
space-probe applications. Its characteristics will probably be somewhat 
similar to the Thor-Agena B (see Table 5). Pending the development 
of the new vehicle, the eight Thor-Agena B’s and the Atlas Agena B will 
fill this gap. The latter is a two-stage vehicle, liquid-propelled, and its 
capacity ranges from close to 2400 kg in a 500-km Earth orbit to about 
300 kg for lunar-probe applications. 

Category 111. The Atlas-boosted Centaur fills the propulsion needs 
in this category and provides greater capability than any other vehicle 
now based on the Atlas booster. This is achieved by the new hydrogen- 
oxygen-propelled second stage, which was under developmental testing 
in the latter half of 1960. Centaur is designed to place 3500 kg in a 
500-km Earth orbit, lesser payload beyond this; as a planetary probe it 
is expected to have a payload capacity of close to 600 kg. Aside from 
its Earth-satellite utility and its uses in lunar and planetary studies, this 
Centaur could launch a heavy communications satellite into a 24-hour 


orbit. 

Category IV. This system is conceived of as a family of vehicles 
generically called Saturn. Only the first is “at present under active 
development,” and an operational prototype is scheduled for 1964. 
Designated the Saturn C-l, it is a three-stage vehicle and, like the whole 
family, uses chemical propellants. The first stage consists of eight 
engines and nine tanks in a cluster, the second of four Centaur engines 
fed from a single tank, the third of a single Centaur. Ihe C-l is expected 
to have an approximate payload of 8000 kg in low orbits about the 
Earth, of 2400 kg at escape velocity, and of 400 to 800 kg for soft landings 
on the Moon. Plans are underway for subsequent members of the 
Saturn family. 

Category V. The Nova system is an approach to the heavy payload 
problem—e.g., some 120,000 kg in a 500-km orbit, 24,000 kg in a 24-hour 
orbit, and 40,000 kg for a lunar probe. This approach is one of three 
possible: (a) refueling of rockets in space, using later versions of Saturn, 
(, b ) direct flight from the Earth using chemical rockets, and (c) use of 
nuclear engines in upper stages. Nova is an approach of the second 
kind-with possibly a cluster of six 600,000-kg thrust engines making 
up the first of four stages. Nova, or its equivalent, is not likely to be 
realized until late in this decade. 
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The vehicular program of NASA, outlined above, is significant for 
many reasons but particularly for the following two: 

a. These developments will be technologically significant in themselves. 
They will represent engineering and industrial activity of billions of dol¬ 
lars. They will produce remarkably powerful rocket engines of several 
types. The attendant vehicular and component applied research and 
developmental efforts will have values beyond those pertaining to rocket 
engines. 

b. These developments open up vast opportunities in the investigation 
of space. The very existence of powerful, high-load systems in the near 
future raises serious problems as to their full and best utilization by 
science and technology. To grasp this, it is necessary to look at only a 
few specifics. 

First, a total of 260 launchings are contemplated in the 1960s, an aver¬ 
age of better than two launchings per month. Of these, 62 are vehicle 
test launchings, 41 for man-in-space efforts, 28 for such applications as 
meteorology and communications, 33 for lunar and planetary investiga¬ 
tions, and 96 for research satellites. 

Second, in 1958 and 1959 the weight of our satellites in 500-km Earth 
orbits increased from 4 to 60 kg. By 1967 this will have increased to 
more than 20,000 kg. By 1970 the clustering of engines may provide 
some 6,000,000 kg of initial thrust: this means that between 1970 and 
1975 space payloads may range some 100,000 to 160,000 kg. To visualize 
this we may think of the Boeing 707 as our unit: two of these units are 
represented by the maximum estimate of 160,000 kg. 

A vehicular program of the above scope represents a major national 
effort. NASA’s budget is close to one billion dollars for the pursuit of 
exploration, application, and research; Department of Defense space ven¬ 
tures account for somewhat more than one billion; and the probability 
that these annual expenditures will rise by appreciable fractions over the 
next ten years raises legitimate budgetary and policy questions. Pru¬ 
dence dictates that such large sums yield commensurable results. Yet a 
totally rational approach is most difficult, for the bulk of such expendi¬ 
tures relates to vehicle systems and man in space: here competition for 
technological leadership in a prestige- and publicity-ridden arena is 
involved. 

The vehicular needs of science and application are susceptible to a 
simpler approach. These needs, in terms of numbers of vehicles, are 
approximated in the NASA program for the decade of the 1960s. The 
payload requirements now appear to be adequately accounted for in the 
provision of four classes of vehicles, ranging in capacity from small to 
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heavy payloads: (a) the Scout, (b) the Atlas-Agena B and Centaur, (c) the 
Saturn, and (d) Nova. However, for both science and its applications, 
the crucial considerations relate to reliability and continued availability. 

Where reliability has not been attained, back-up vehicles are called for 
in numbers sufficient to assure the flight of experiments. Failure to 
pursue this course not only means that important work will not be done 
but that the energies of creative scientists will have been wasted. The 
latter, in turn, can only lead to frustration and withdrawal of the best 
minds now engaged in space research and to difficulty in attracting other 
able scientists, particularly at universities, not now participating but 
capable of doing so and needed for progress in coming years. 

Moreover, launching vehicles of varying payload capacities will be 
needed for a long time. This means that a successful, reliable vehicle 
should not be shelved in the expectation of the development of an 
advanced system. An orderly scientific program cannot be conducted 
if the unreliability associated with new vehicles is perpetually present. 
Moreover, prudence dictates that the size of the vehicle should be matched 
to the job to be done. 

4. APPLICATION 

Of the three self-evident applications of Earth satellites, the one of 
greatest interest to the practical man, concerned with economics, is com¬ 
munications. In principle, satellites can multiply the quantity of long 
distance communications by a factor of perhaps 10,000. The ionosphere 
provides a band of about 20 Me: a single satellite may eventually provide 
a band 100 times wider. 

The types of communications that satellites can contribute to are many: 
telephony, long-range radio communications, and even international TV. 
An expansion of such services has numerous implications. A major 
industrial expansion of the communications and electronic industries is 
one. Quite aside from the meaning of expanded services domestically, 
the international impact appears potentially very large, providing a 
unique opportunity for leadership through the satisfaction of genuine, 
growing needs. 

Telephony can serve as an example. According to the American Tele¬ 
phone and 'Telegraph Company: “Of the roughly three billion people in 
the world, only ISO million, or six per cent, live in the United States. 
Yet, at present, the United States, exclusive of Alaska and Hawaii, has 
55 per cent of the world's telephones. The telephones outside the United 
States are rapidly increasing in number, as indeed are those inside the 
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country. We will necessarily expect a tremendous increase in telephones 
abroad as the 94 per cent of the world’s people outside of the United States 
becomes more industrialized. In addition to talking with many of these 
people by telephone, we will need to communicate with them by trans¬ 
mitting and receiving data and other business communications, and by 
means of television.” 5 

During the last 40 years, the population of the United States has 
increased about 60 per cent; the number of telephones has increased by 
some 500 per cent. In about the same period, the population of the world 
has also increased by about 60 per cent; the number of telephones outside 
the United States has increased almost 800 per cent. The number of 
domestic conversations rose from 17 to almost 88 billion; in the same 
40-year period the long-distance messages handled by A.T.&T. rose from 
16 to 532 millions, an increase of more than 3000 per cent. These are 
real trends, and industry is basing its business judgments upon them, 
extrapolating to future needs as populations grow and as service require¬ 
ments grow even faster. 6 

The saturation of the conventional radio spectrum precludes recourse 
to it. Moreover, studies indicate that satellite communication systems 
are more than competitive. Estimates of the A.T.&T. are germane: 
“ . . . providing basic facilities for 600 telephone circuits from each United 
States terminal to each European terminal and 600 telephone circuits 
from Oakland to Hawaii will cost about $50,000,000. This is made up of 
$30,000,000 for a 30 satellite system and $2,500,000 for each of eight 
ground stations. The 2400 circuits provided by this plan will cost less 
than $25,000 per circuit. In comparison, the cost of the latest, most 
efficient overseas cable now being designed, although less than that for 
the cables now in service, will still be substantially more per circuit than 
the indicated cost for satellite communication. 

“If television is added to this initial network, the cost of satellites will 
increase to about $60,000,000 and each ground station will cost about 
$2,700,000. The total cost, therefore, of providing the basic facilities for 
television and message service between each of the four pairs of terminals 
will be about $82,000,000. 

“This plan indicates that large cross sections of intercontinental cir¬ 
cuits can be provided much more economically than with cable. Satellite 
communications will also provide transoceanic wide-band television which 
we cannot obtain today and will provide a most valuable facility for cir¬ 
cuit diversity. The advantage of circuit diversity should not be under¬ 
estimated. In all forms of communication, experience has shown that 
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reliability is best obtained by having more than one route. Satellites 
will provide this added facility to complement the cable network .* 77 

The second application of broad interest has to do with meteorology, 
discussed in some detail in Chapter 6. The prospect of detecting major 
storms early in their history and of following them has large human values. 
Thousands of lives are taken annually by the caprices of weather, and the 
loss of property and misdirection of effort runs into hundreds of millions. 
Weather satellites, coupled with international warning services, could 
provide alerts so that human beings might take suitable protective meas¬ 
ures or estimate their actions more suitably. Ultimately, further 
research with storm and cloud cover data from satellites and related 
meteorological studies, both experimental and theoretical, may lead to a 
genuine understanding of weather and climate, to vastly more effective 
forecasting services, and perhaps to an amelioration by man himself of 
the destructive energies of major storms. 

The third area of application concerns the science of geodesy, the sub¬ 
ject of Chapter 5. Geodetic satellites can serve both research and appli¬ 
cation interests. As to the latter, navigation and surveying come closest 
to the immediate interests of mankind. In principle, satellite naviga¬ 
tional systems could become common, universal methods for all forms of 
surface and air navigation, with accuracies even exceeding requirements. 
They could also be used for surveying over difficult terrain and for tying 
together most effectively the geodetic nets throughout the world. Except 
for research navigation over the seas (for example, leading oceanographers 
argue that a satellite system is essential for oceanographic surveys over 
the waters in and near the Indian Ocean), geodetic applications do not 
appear to have the urgency of communications and weather forecasting: 
work on them may thus probably be reasonably pursued as part of 
broader programs. 


Taken as a whole, the 


significance of satellite 


applications appears as 


follows: 

1. They are attainable in the near future at reasonable cost. 

2. The commercial value of applications in just the communications 
area will probably not only be self-liquidating but may provide revenue, 
directly and indirectly, for all prudent space activities relating to applica¬ 
tions and to fundamental research. 

1-5. Their successful achievement represents significant national con¬ 
tributions to the public welfare, at home and abroad. Leadership in 
these areas appears most meaningful internationally. 

In addition, the area of military applications must be noted even 
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though this volume is concerned with civilian aspects of space. Quite 
clearly space developments in communications, weather forecasting, and 
navigation are of operational interest to the military services. In these 
areas the military represent another set of users of the results of research 
and development whose applications are general. In other areas there 
are far more specific military interests—for example, in observational and 
early-warning satellites. To ignore such potential applications of space 
vehicles in a world of antagonistic powers is unrealistic: if reconnaissance 
and warning satellites are feasible, they will be developed by nations hav¬ 
ing the capability and need. History shows that the major powers have 
not refrained from exploiting the applications of science and engineering, 
from the crossbow to atom-bomb-tipped guided missiles. 

Finally, the applied research and development associated with vehicle 
systems themselves will have applications in other areas, aside from their 
utility in advancing the art of rocketry. The chemistry of fuels, the 
development of high-temperature alloys and ceramics, the design of 
guidance and control systems—these and similar rocketry efforts will 
have value, sooner or later, in industrial technology. There is even the 
possibility that some day rocket systems themselves might prove useful 
in some form for commercial purposes. 

5. THE EXPLORATION OF SPACE BY MAN 

Three kinds of manned space ventures may be considered: orbital flight 
about the Earth, travel through the interplanetary medium, and explora¬ 
tion of the Moon and the planets. 

It is not likely that man can contribute much if anything to knowledge 
or application either by simple orbiting about the Earth or mere travel 
through the interplanetary medium. It is most probable that instru¬ 
ments can do all that is necessary. Such instrumented payloads will be 
much lighter than those required for man and cost vastly less. Any 
argument that man might contribute in some way—e.g., repair or mainte¬ 
nance—must demonstrate that automation and redundancy of instru¬ 
ments cannot do at far less cost what the inclusion of man entails. 

Nevertheless, man in orbit is worth pursuing for several reasons. First 
and above all, the ultimate exploration of Moon and planets will be done 
by man. This means that experience must be gained, step by step, and 
the orbiting of man is the first of this long sequence of steps. Second, 
auxiliary devices crucial to manned spacecraft will prove useful in other 
programs. Third, some time in the future men on orbiting scientific 
laboratories may prove to be useful in connection with stabilization and 
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orientation problems and in altering scientific programs. Fourth, the 
knowledge and experience gained from man-in-orbit efforts may turn out 
to have applications, direct or indirect, in travel and transport between 
points on the Earth. 

The significant and exciting role of man lies in the exploration of the 
Moon and planets. We can speculate on the prospects for planetary 
exploration by man in the relatively near future by considering the system 
that might initially take him to, say, Mars. This system, noted earlier, 
provides for a maximum payload of some 160,000 kg; if its development 
is pursued with reasonable vigor, perhaps the venture may be possible in 
the 1970s, but the cost of a single venture will be some hundreds of 
millions of dollars. 


Of the 160,000-kg payload, at least one quarter will be needed for the 
fuel system and fuel to permit landing on the planet. One half of the 
payload will be used for the return rocket system. Most of the remaining 
quarter will be used for food, water, and oxygen to sustain some two to 
four men (and these provisions probably must be enough to last for a 
number of months if the costs are to be justified); for auxiliary equipment, 
including radiation shielding, electric power supply, and radio trans¬ 
mitters; and, finally, for scientific equipment with which to tackle the 
problems of exploration of the planet. 

The critical question is this: what might be done by automation and 
remote control? In both the manned and unmanned cases, about 
40,000 kg of the total payload will be used in landing. But the unmanned 
system has available about 120,000 kg for automatic instrumentation, 
including transmitters for radioing back findings, because it need not 
return. In contrast, the manned craft can devote only a fraction of some 
40,000 kg to instrumentation. No proper answer can be given to the 
question until suitable studies are made and the concerted development 
of automatic equipment is undertaken. Following these efforts, it should 
be possible reasonably to appraise the alternatives. During this neces¬ 
sary research period, also, the problems of planetary exploration will be 
better understood as a result of space probe studies and soft landings of 


relatively simple instrumental payloads. 


Yet we can conjecture that 


ultimately, for detailed exploration of the planets, man will be needed to 


define the useful 


range of instrumentation and to direct complicated 


tech n ical <>perati<)ns. 

The success of these prospective ventures of man into space—from 
orbital flights about the Earth to landings on planets- is far from simple 
or, at present, assured in spite of the pronouncements of space enthusiasts. 


Success can come and it will come. When it comes, what failures precede 
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achievement, how high the costs: these depend upon many factors and 
many decisions. For example: 

1. Development of suitable spacecraft for man. This is most certain 
because the progress of engineering and technology is in a sense straight¬ 
forward and also because of national preoccupation with rocket tech¬ 
nology, for and in itself. 

2. Solution of the physiological problems. These include such topics 
as acceleration, vibration, and ecology. One could adopt, bearing in mind 
the development of aviation, a somewhat casual attitude toward these 
problems, but there is danger that when large vehicles become available in 
the next decade unwarranted risks will be assumed. 

3. Research on the physical environment in space. This has several 
aspects, and a few examples may be of interest. The nature of particles 
and radiations in space is an obvious one. Not only the Van Allen Belts 
but the sporadic ejection of solar protons represent very real although 
resolvable hazards. However, we do not yet know as much as we should 
about the interplanetary medium. If we turn from man in orbit and 
man in pure space to man on the planets, clearly the greater advantage 
that man can take of the planetary environment after landing, the greater 
his chance of success. Therefore the more knowledge of this environ¬ 
ment, the better. This knowledge should be acquired as far as possible 
in advance of ventures, and it should be acquired in the simplest, most 
economical way: (a) much can be learned of the planets from observa¬ 
tories on Earth and from balloons and rockets and (b) much can be learned 
from unmanned, instrumented spacecraft—from Earth satellites, from 
Moon and planetary probes, from satellites orbiting about the Moon and 
planets, and from soft landings of automatic instruments. 

The question of man in space thus hinges on the value of manned 
exploration of the Moon and planets. We believe that men and nations 
place a very high value on satisfying man’s curiosity about the unknown, 
for this is a genuine human and scientific objective. The pursuit of this 
endeavor is unparalleled in man’s history, its nature is difficult and daring, 
and it is costly, for before its realization billions will have been expended. 
Such expenditures raise legitimate questions of several kinds whose resolu¬ 
tion calls for intelligent debate. If a nation proceeds with man in space, 
there is a responsibility on the part of the government (1) to assess as 
carefully as possible the costs, (2) to outline the possible schedules that 
appear as reasonable alternatives, and (3) to admit the hazards. 

1. Costs. We doubt that man-in-space expenditures, from Project 
Mercury to, say, the successful landing of man on Mars, will be less than 
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25 billions. This estimate might well be exceeded by two or three times 
if repeated failures occur. 

2. Schedule. The timetable or rate of activity must at least take into 
account ( a ) the annual expenditures we wish to devote to tins effort and 
(b) the rate of advance in other areas of space. As to (a), a decision could 
be made to pursue the program at a much slower tempo, stretching out 
costs over, say, an added decade. As to (6), it would be foolish to adopt 
an accelerated program if vehicular reliability cannot be guaranteed, if 
intermediate steps prior to the availability of large payload vehicles like 
Saturn are based on sheer competitive motives and do not represent 
sharply defined and stated steps of progress, or if research by instruments 
is so insufficiently supported that our knowledge of planetary environ¬ 
ments is inadequate to appropriate, conservative planning and design of 
the manned space system so as to ensure a reasonable chance of man’s 
survival. 

3. Hazards. The history of geographic exploration on Earth tells over 
and over again of the deaths of bold explorers. To ignore this in the far 
more difficult and hazardous area of man in space is foolish: men will 
perish in space as they have on the high seas, in Antarctica, in the heart 
of Africa, and whenever they have ventured into unknown regions. 

In view of the magnitude of the effort and its hazards, serious thought 
should be given to the possibility of an international effort. The head of 
the astronautics section of the Soviet Central Air Club, in a radio discus¬ 
sion of problems of manned ventures to the planets, observed: “ . . . the 
preparations and performance of such flights will involve huge expendi¬ 
tures. Naturally, if the whole world cooperated not only in the scientific 
work but in bearing the cost, that would be a big help. In any case we 
can be sure that the difficulties connected with the mastery of outer space 
will be overcome much better and sooner if several countries, and espe¬ 
cially the U.S.S.R. and United States, pool their material and intellectual 
resources.” 8 The Soviet scientist L. I. Sedov is quoted as saying. Iheie 
are so many experiments which are so difficult and so expensive they 
demand cooperation between several countries.” 9 

An international effort would have important values. It would elimi¬ 
nate the essentially absurd question of international planetary claims. 
It would eliminate a race whose scale is so gigantic as to raise questions 
of justification on the part of individual nations. It would simplify the 
problem of protection against possible contamination of the planets and 
of the Earth. It would have a unifying effect among nations as they 
worked together in a great effort. If the nations of the world, through 
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their scientists, were able to cooperate in the IGY, whose magnitude 
approached some one billion dollars all told, they can also undertake in 
the same way and in the same spirit the conquest of outer space by man. 

6. SPACE RESEARCH 

The incredible vastness of space and bulk of its content mean that the 
research prospects before man are infinite. This great scope, however, 
makes it difficult to categorize the opportunities. Certainly and truisti¬ 
cally, two large categories exist: (1) the category of opportunities and 
problems yet to be disclosed, and (2) the category of currently known 
ones. 

The second category is, by and large, the subject of this volume. Suc¬ 
ceeding chapters present the state of man’s knowledge in many fields of 
the most pertinent branches of science. They propose experiments and 
types of experiments which can profitably be undertaken now and in the 
near future, based upon a solid foundation of current knowledge—(a) 
knowledge of some aspects of cosmic phenomena and processes acquired 
over hundreds of years of experimental and theoretical research conducted 
on the Earth itself and (b) knowledge more recently acquired by high- 
altitude balloons, sounding rockets, Earth satellites, and space probes. 

These two reservoirs of knowledge permit us to ask a host of intelligent 
questions, of great scientific significance, whose answers require space 
research. They also allow us to go beyond the asking of meaningful 
questions. As the following chapters demonstrate, present knowledge per¬ 
mits us to specify the nature of hundreds of experiments and of their 
instrumentation. Many of the experiments present essentially minor 
difficulties in the design and construction of measuring devices; others 
require appreciable effort although they do not represent instrumental 
extensions beyond the edge of known principles. 

From the future conduct of these experiments will come the clues to 
questions and specification of problems now unknown: the category of the 
unknown will step by step become revealed as to the problems and ques¬ 
tions of interest and importance. In this way, as throughout the history 
of science, new opportunities to advance knowledge will unfold. 

The more general questions that confront us today, as we attempt to 
make the best possible use of spacecraft for research, include the following: 
What are the objectives of science in space research? How shall we tackle 
these challenges intelligently and economically? These questions can be 
looked at from several points of view—e.g., in terms of a vehicular capa¬ 
bility, or of the classical fields of science and their branches, or of regions 
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of space. Whatever the point of departure, overlapping exists and, 
because some simplicity is gained, \vc shall first look at the subject sec- 
torially: Earth and near space, the interplanetary medium, the Moon and 
the planets, and the Sun and other stars. 

Earth and Near Space. Perhaps paradoxically at first glance, the 
solid Earth itself can be studied by instrumented spacecraft. Satellites 
circling the Earth are affected by the Earth’s gravitational pull, which 
varies in accord with the Earth’s interior composition and structure. 
Thus it is that artificial Earth satellites, of long duration so that precise 
determinations can be made of orbital variations, can contribute in a basic 
way to geodesy on such topics as the size and shape of the Earth, its 
gravitational field, and its hidden structure. What can be learned about 
the Earth in this way has a twofold significance: new data of this kind will 
yield new insights respecting our own planet, but these experiments will 
also prepare the way for analogous studies of the Moon and other planets. 

Between the surface of the Earth and about 30,000 meters above, 99 
per cent of the atmosphere is present. This is a zone of paramount inter¬ 
est to the meteorologist, for here are at play the gross forces that make 
up weather and, ultimately, climate. Only within the last decade have 
meteorologists been able to probe this region to altitudes of about 20,000 
meters using balloons instrumented to measure temperature, pressure, 
humidity, and winds as they vary with altitude. Only since the start of 
the IGY have meteorological balloons been available for ascents to some 
30,000 meters. Three sets of atmospheric problems confront observa¬ 
tional and experimental meteorology: 

1. Geographical coverage by sounding balloons even to 20,000 meters 
is inadequate. Over some land masses, enough data are secured; over 
other land masses, tools and skills are, for one reason or another, lacking; 
over the seas almost nothing is done. Useful steps along two lines are 
called for: first, a better geographic coverage over all of the Earth by 
balloons and, second, an extension of balloon altitudes to 30,000 meters 
and higher insofar as feasible. 

2. Although the gross forces determining weather are probably a,.t 
play beneath some 30,000 meters or so, the atmosphere is a continuum, 
and knowledge of its nature beyond 30,000 meters is of fundamental 
value to research meteorologists. Here rockets can be productive. A 
small synoptic rocket chain has recently been established in the United 
States: its extension domestically and abroad should be pressed. Suitable 
and standardized measuring devices and simple, inexpensive rockets are 
called for. Their development, already begun, merits intensification. 

3. The application of Earth satellites to cloud-cover photography has 
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its forecasting justification, but the information is also useful in research. 
Provided that full analyses are made of these vast bodies of data, much 
can be learned of the dynamics of the atmosphere. In the application of 
basic physics, applied mathematics, and electronic computing techniques 
lie the solutions. Moreover, auxiliary instruments (for example, devices 
that measure incoming and outgoing energy) yield further fundamental 
data. Finally, the development of new devices that might look to the 
Earth from satellites and measure the altitude variation of several 
meteorological parameters merits investigation. 

Beyond the lower atmosphere—from about 50 to 1600 km stretches 
the upper atmosphere. Plere the attenuated atmosphere under the 
direct glare of the Sun absorbs the major portion of particles and radia¬ 
tions from the Sun and space. Here lie the ionospheric layers, the zones 
of auroral displays, the region where primary cosmic rays begin their 
transformations into secondaries, and that part of the Earth’s magnetic 
field in space most intimately linked to human affairs. Much has been 
learned of this envelope from ground-based studies, balloons, and rockets. 
For direct observations of the lower levels of the upper atmosphere, 
rockets provide the means: balloon technology and costs preclude 
ascents much beyond 35 km while satellites cannot generally survive 
long below some 350 km.* 

Above some 350 km, satellites in circular and elliptical orbits represent 
powerful tools for investigating the upper atmosphere. Its composition, 
its structure, its variability: these are the objects of research into a 
region that is closely linked to life and activity on Earth. The manifesta¬ 
tions of the upper atmosphere embrace such events as the auroral lights, 
the airglow, the reflection, transmission and absorption of radio waves 
by the ionosphere, and magnetic storms that often influence communica¬ 
tions. The phenomena of interest include the constituents ol the 
attenuated atmosphere itself, such particles as cosmic rays and their 
impact-produced progeny, visible and invisible radiations from the Sun, 
and solar particles. Their interplay, often in the grip of the Earth’s 
magnetic field, presents a complex array of questions to the physicist, 
the chemist, the geophysicist, and the astronomer. 

The Interplanetary Medium. As between the lower and upper 
atmospheres, no sharp line of demarcation exists between the upper 
atmosphere and the region beyond it which we call “near space,” referring 

* This is, of course, a figure intended to be suggestive of the problem, for satellites 
with highly elliptical orbits can have perigees considerably below 150 km and last 
long while even in circular orbits satellites some 60 km above the Earth will have 
productive lives much longer than that of a sounding rocket. 
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to space from approximately 600 km above the Earth out to perhaps 
half the distance to the Moon. Some purpose is served by these terms 
for we can look at the upper atmosphere as that region close to the Earth 
characterized by the presence of an appreciable number of atmospheric 
atoms and molecules in an ionized state—a dynamic state in which 
ionization and recombination are continuously going on. Beyond this 
region, we cannot recognize the Earth’s atmosphere but the Earth’s 
magnetic field is still powerful enough to establish a zone of influence. 
Thus the Van Allen Radiation Belts, stretching out some 60,000 km, 
exist because the Earth’s field exists, exercising its influence upon the 
charged particles present there, arriving from the Sun and cosmos. 
Beyond this range, the magnetic field of the Earth is lost, enmeshed with 
fields in space. 

The mapping of this vast sector of space near Earth, the identification 
of particles and radiations, their quantitative measurement and charac¬ 
terization, their study in relationship to the Earth’s magnetic field, to 
fields of other origin, and to solar processes: these searches have only 
begun. Their proper pursuit calls for satellites and space probes, in 
generous number but with light payloads, thoughtfully instrumented; 
and these experiments, based on current estimates of the nature and 
magnitude of our problems, call for studies over many years—perhaps 
at least one complete solar cycle of eleven years but probably two or 
three such cycles. Once we have established the nature of this region 
and have developed sound theories to account for the phenomena and 
processes, we can think of restricting our effort to monitoring—system¬ 
atically checking to see the changes that may occur over long periods. 

Beyond the region of near space, where the Earth’s magnetic field 
exerts its influence, we are plunged into the interplanetary medium. 
Here the interests of science closely parallel those relating to near space: 
atomic and nuclear particles, electromagnetic radiations, and magnetic 
fields concern us. Contrary to earlier notions, this space is not empty. 
Tenuous gases, mostly hydrogen, occupy space at pressures far below 
those attained in the best “vacuums” produced in the laboratory. It is 
conjectured that the Sun’s corona, enveloping and extending perhaps far 
beyond the Earth, accounts for the hydrogen. This great volume is also 
traversed by cosmic rays, those high-energy charged particles whose 
sources largely lie far beyond the solar system. From time to time, after 
periods of violent solar activity, the Sun ejects streams of particles 
(including some of cosmic-ray energies), and these too travel through the 
interplanetary medium, often reaching the Earth’s upper atmosphere. 
Magnetic fields in space await exploration: some, transient in nature, are 
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created by streams of particles, for charged particles in motion constitute 
an electric current which induces its own magnetic field. 

Interest in the interplanetary medium has several purposes, quite aside 
from the quest for sheer knowledge. For example, knowledge of events 
in this expanse of space will shed light on events in near space and the 
upper atmosphere. It will afford a basis for coping with difficulties in 
exploring, whether by instruments or by man, the interplanetary medium 
and its content in greater detail and over extended range in the next 
decade and beyond. It will afford a basis for surer extrapolations from 
our increased knowledge of the solar system to other, similar systems 
elsewhere in our and other galaxies. These general objectives and those 
somewhat more specific noted in the preceding paragraph can be attained 
with spacecraft of modest payloads: (a) satellites in large or very elon¬ 
gated orbits and ( b ) space probes, launched in predetermined sequences 
and patterns adequately to sample the breadth of the interplanetary 
medium. 

The Moon and the Planets. Within this decade automated instru¬ 
ments will land on the Moon and some of the planets. During the next 
decade it may be possible for man himself to reach one of these bodies. 
Why is science concerned with these bodies? The planets of the solar 
system are part of a whole—in their origins, in their present states, and 
in their futures. For the first time in history, man has it within his power 
soon to investigate these other bodies, and what he learns will be a signif¬ 
icant addition to man’s total knowledge. Unquestionably the possibility 
that some form of living matter exists on another planet is the most excit¬ 
ing prospect: the origin of life under radically different conditions of 
environment and ecology is a subject of unprecedented significance to 
fundamental biology. As to this, Mars is the most exciting by virtue of 
its astronomically known character, which suggests the possibility of 
some form of living matter. 

The Moon is an appropriate object of study because it is tied to the 
Earth, in origin and history. Yet its surface layers have not weathered 
as have those of the Earth, and in them lie clues both to its and to the 
Earth’s early history and development. Even on the Moon, the remote 
possibility of some form of life cannot be ignored completely. Although 
the surface is uncongenial, with temperatures of 100°C on the side facing 
the Sun and — 125°C on the dark side, and unprotected by an atmosphere 
from high-energy particles and the full spectrum of solar radiations, sim¬ 
ple forms of life may exist beneath the surface or in cavities. Biologists 
are much interested in this possibility, an interest that argues strongly 
for a policy of protection against contamination of even the Moon. 
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The types of problems and questions relating to the physical character¬ 
istics of the Moon can be classified by the various space approaches possi¬ 
ble: observations from satellite orbiting about the Moon, from instru¬ 
ments on hard and soft landings, from samples returned by automated 
rocketry systems, and from manned landings. Thus lunar satellites 
could carry devices to detect the presence of potassium, uranium, and 
thorium; mass spectrometers could determine the composition of the 
very tenuous lunar atmosphere (estimated at less than 10“ 6 g/cc); and 
the mass and mass distribution can be calculated from the orbital con¬ 
stants of the satellite. 

Soft landings of instruments would permit the taking of photographs 
of surface details; the televised pictures should shed light on whether the 
surface material was produced by solidification from a melt or by con¬ 
solidation of conglomerates. X-ray analyses of the surface, hardness 
tests, detection of any magnetic substances, spectroscopic analyses of 
rocks, seismic and gravimetric determinations: such studies appear feasi¬ 
ble by instruments landed softly on the Moon, automatically measuring 
the desired quantities and sending their records to Earth by radio. If 
the return of an automated rocket system becomes feasible, a variety of 
specimens should be accumulated: samplings of different surfaces, cor¬ 
ings, and lunar dust would be invaluable for terrestrial analyses. The 
eventual landing of man on the Moon would open up the Moon to that 
kind of scientific exploration which has been carried out on Earth. 

The more distant planets pose problems for exploration which lie far 
in the future. Mars and Venus, however, are accessible by spacecraft, 
in one way or another, within this decade. The compositions, depth, 
densities, and temperature distribution of their atmospheres can be 
studied by space probes and planetary satellites. An artificial satellite 
orbiting about Venus would permit the conduct of such important experi¬ 
ments as a study of the composition of the clouds of Venus, determina¬ 
tion of its mass and mass distribution, measurement of the spectrum of 
its dark side, photography at various wavelengths, and such physical 
measurements as those associated with magnetic fields and charged par¬ 
ticles. Similar experiments should be conducted aboard a Martian 
satellite. Both planets should be investigated for the presence of living 
organisms, but especially Mars. TV observations from a planetary 
satellite may yield some information as to this, but more promising and 
detailed examinations are possible when automatic instruments can be 
soft-landed. Hard, soft, and ultimately manned landings: each approach 
will extend the range of possibilities in the study of these planets, analo¬ 
gous to the lunar prospects. 
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In brief, the kinds of observations that are of the highest significance 
are those that shed light on the nature, origin, and evolution of the 
planetary system and of life within it. The Moon, Mars, and Venus are 
now on the verge of meaningful accessibility by space tools, and eventually 
it should be possible to turn also to the other planets. 

The Sun and the Stars. Interest in the Sun is obvious: from it stem 
life and activity on Earth, dependent upon solar energy from primordial 
times. Light and heat are but a small portion of the full range of radia¬ 
tions and particles ejected by the Sun, many of which reach at least the 
higher zones of the Earth’s atmosphere. Interest in the Sun is thus 
strongly motivated by interest in the Earth in an immediate sense but it is 
also motivated by the fact that the Sun is our nearest star, an average 
star whose study is relevant to our notions of other stars. 

From Galileo until the closing years of the nineteenth century solar 
astronomy was largely observational, statistical, and descriptive. Spec¬ 
troscopy and atomic theory have led to major advances during the last 
80 years, providing quantitative knowledge of many aspects of the Sun, 
but much remains to be done. For example, the whole range of solar 
short-wave radiation—ultraviolet, X rays, and gamma rays—calls for 
measurements from beyond the interfering layers of the Earth’s atmos¬ 
phere: line spectra to the shortest possible wavelength and greatest 
resolution, measurements of radiation intensity for the entire run of 
spectral bands from X-ray to radio frequencies, profiles of intense lines 
such as Lyman-alpha and their variation from center to brink, X-ray 
intensity measurements from flares and other sources. The extreme 
short-wave radiations originate in high-temperature solar processes about 
which we know practically nothing. Moreover, in contrast to the better- 
known aspects of the Sun—light and heat radiation, which are thought 
to be quite steady—the high-frequency radiations are extremely variable 
on a short time scale. 

Balloons and rockets can provide some of these data, as they have 
already done to a limited extent, and these tools should be used more 
extensively because they are relatively inexpensive. Space probes can 
also be useful—not so much because our problems require proximity to 
the Sun but because the mapping, say, of unusually intense solar cor¬ 
puscular streams requires observation and experiment posts other than 
the Earth itself or an Earth satellite. Thus a probe, either in or out of 
the equatorial plane, but some distance away from the Earth, would allow 
us to track a solar corpuscular stream. 

When, however, time and space variations are important, satellites 
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and space probes are called for. For example, it is most important that 
several otherwise invisible solar parameters be monitored systematically, 
and satellites afford the means. For only thus can we continuously 
observe and measure the Sun's radiation across important spectra, 
invisible from Earth, that may provide totally new insights as to the 
Sun’s behavior, variations, and activity. 

As with the Sun, so too with all stars: until recent years astronomy has 
been limited to that information transmitted by light radiation. With 
the development of powerful telescopes like that of Mount Palomar and 
of theory, during this century, enormous progress has been made in our 
concepts of the universe. Radio astronomy has appreciably extended 
the range of the electromagnetic spectrum available to Earth-bound 
astronomy. Now space tools afford a further extension which will permit 
us to measure and study events in that part of the spectrum invisible on 
Earth, accessible only above the Earth’s atmosphere. 

Invisible short-wave radiations can tell us much about the high- 
energy processes in stars and of the influence of very hot stars on inter¬ 
stellar gas around them. For by measuring the absorption of stellar 
ultraviolet radiation, it should be possible to deduce the quantity of 
hydrogen in interstellar space, its location, and its motions. Studies of 
stellar infrared radiation may turn up the existence of very cool or 
invisible dark objects like extinct stars and protostars. This prospect is 
of fundamental interest to cosmology for it deals with the total amount of 
matter in the universe. Very-low-frequency radio waves, undetectable 
below the ionosphere, may also alter current astronomical theories. 
These waves are nonthermal in origin, come from the agitation of plasma, 
and betray the motion of these aggregates of charged particles. The 
aggregates range from small ones like the Crab Nebula, some 10 light 
years across, to the gaseous filling of an entire galaxy, some 100,000 light 
years in diameter. What energy mechanism drives the plasma? Where 
does it come from ? What happens to it? The answers to such questions, 
with which the study of these very-low-frequency radio waves is con¬ 
cerned, may shed light on theories of star creation. 


7. THE CONSERVATIVE ROLE OF RESEARCH 

Research underlies every area of meaningful space activity: (a) The 
pursuit of new insights into the universe is research. ( b ) The exploration 
of the planets makes sense only if that exploration, whether by man or by 
instruments, is a scientific one. (c) The applications of science now 
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within reach are based upon past research and are linked to current and 
future research. Accordingly, efforts in space should be oriented critically 
to substantive objectives. 

The difficulty in a logical analysis of the over-all space program stems 
in large measure from the following: even if science and application were 
in no way involved in space, the adventure of space would lead men to 
space flight. The early voyages of discovery can serve as useful analogies. 
These voyages fulfilled the need for adventure, glory, and personal and 
national aggrandizement. In similar fashion, manned adventure in space 
would fulfill the same objectives, and even the most unsystematic and 
ill-directed efforts would yield some new knowledge. 

Experience has shown that the scientific approach maximizes the rate 
of acquisition of new knowledge and minimizes the chance of error. If 
space endeavors were cheap, one could be tolerant of the ancient attitude. 
But they are enormously costly, and therefore every effort must be made 
to reduce hazards and errors and to increase the quantity and quality of 
results. 

It is in this sense that research—which by its very nature is revolu¬ 
tionary—serves as a conservative force. One expects the end results of 
scientific attack upon the mysteries of space to be radically new insights 
into the nature and properties of the universe, and these tend to yield 
substantial value for expenditures. But the scientific method is rooted 
in a concern with substantive objectives, pursued in an orderly, logical 
manner and sequence: this is an essentially conservative approach. 

Economically and intelligently to maximize the results of our space 
effort requires that primary attention be transferred from hardware and 
launchings to the real objectives of space activity. To this end three 
considerations are relevant. 

First, emphasis should he placed upon the conduct of important experi¬ 
ments in space. Support of specific experiments must therefore be adequate 
and timely. 

The vast impetus involved in the development and launching of space 
vehicles carries great momentum—a momentum directed to system 
exploits. This means that vehicles command primary interests, and 
only secondary attention can be given to experiments. If a meaningful 
payload is not available, any package conveniently at hand will be used. 
So comes into being a disease, known in science as “ project! tis,” charac¬ 
terized by a cancerous encroachment of technology over the sound objec¬ 
tives of space ventures. When science is ahead of vehicles, the absence 
of such a large and imaginative research program is not so dangerous. 
As more vehicles, in number, capacity and reliability, become available 
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in coming years, the danger of “projectitis” becomes real. It is the 
policy planners and budget formulators who must see to it that a research 
program is supported so that important experiments are available for 
flight. In short, vehicles and launchings are the means, not the ends, of 
space efforts: research and experiment are the ends and must be determinative. 

Second, a large space effort must be supported by a broad and extensive 
program of underlying basic research. Economy , good future experiments, 
and systematic advances in knowledge depend on this. 

The variety and quality of experiments in space conducted so far have 
been excellent. Much of this work has as its basis prior research and 
experimentation, concerned with the upper atmosphere. There is no 
guarantee that good experiments will materialize automatically: really 
worthwhile experiments grow out of broad, continuous research efforts. 
Moreover, the coming capacity of space vehicles poses real problems as to 
the availability of enough first-class experiments to justify the very 
large costs of the rocketry and launching: only a solid, imaginative, basic 
research effort provides assurance that these vehicles and their oppor¬ 
tunities for discovery will be properly capitalized upon, for man’s perma¬ 
nent benefit. At least two general areas of research may be cited as 
illustrative: 

1. Research Relating to Planetary Exploration. A large program of 
research directed to the full range of problems associated with the 
scientific exploration of the Moon and planets is a necessary precursor to 
the conduct of worthwhile experiments on and near these bodies: this 
program must not be oriented to payload packages, for it must be basic 
and back-up in nature. Out of it will develop the ideas, experiments, and 
devices that will yield the results expected of lunar and planetary 
launchings. 

The problems of lunar and planetary investigations are not simple. 
Our terrestrial environment conditions the nature of the ideas, experi¬ 
ments, and instruments with which terrestrial problems have been 
attacked. There is no guarantee that these will succeed, at all or as well, 
in other environments. Difficult and novel situations will be encountered 
on other bodies in the solar system. Intelligent formulation and adapta¬ 
tion of terrestrial experimental techniques is called for. Differences in 
environment may affect techniques; different ranges of phenomena will 
be encountered; the time available for conduct of planetary experiments 
will generally be much shorter than that on Earth, and yet the data must 
be good enough to permit the drawing of at least some conclusions so as 
to guide subsequent efforts. Thus a whole range of ideas and techniques 
must be devised for and adapted to new requirements. This requires 
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careful study, the organization of hypotheses, the formulation of experi¬ 
ments, and simulated tests of the instrumentation. All of these steps 
must be taken long in advance of the preparation of experiments for 
planetary payloads. 

2. Research on or Near the Earth. The problems of space are not 
restricted in their solutions solely to utilization of costly space systems: 
ground-based observatories, balloons, or rockets provide a means of 
investigation into many of these problems. Because these approaches 
are relatively economical, they should be fully exploited. This calls for 
a major research effort on Earth in astronomy and geophysics. 

Planetary astronomy has not been pursued vigorously during this 
century. Heightened interest in space and the prospects of planetary 
vehicles indicate that this area merits support. As much knowledge as 
possible should be acquired of the Earth’s upper atmosphere, inter¬ 
planetary space, the Sun, and the planets by conventional astronomi¬ 
cal and geophysical techniques, by balloons, and by rockets. These 
approaches not only cost a fraction of space experiments but will lead to 
(1) fewer requirements for space launchings and (2) improved quality of 
space work. Examples of the kinds of ground-based investigations are 
numerous: high resolution studies of the sun and the surfaces of planets, 
the spectroscopy of planetary atmospheres, composition and structure of 
meteorites, systematic studies of the cloud cover of Venus, and the 
shifting caps of Mars, photochemistry of the far ultraviolet, infrared 
studies in those spectral regions for which absorption in our atmosphere 
takes place at a fairly low level, extended studies of the surface tempera¬ 
ture of Venus by passive radio astronomy, and radar studies of Venus 
(reflectivity, range, line-of-sight velocity, rotation rate). 

Moreover, ground-based, balloon, and rocket studies of the Earth’s 
atmosphere should be intensified. First, because much remains to be 
done before we shall have mastered the problems of this region. Second, 
because fuller knowledge of the upper atmosphere through these methods 
reduces the demand for Earth satellites and will guide investigations of 
planetary atmospheres by spacecraft. 

Researches of the above kinds—experiments in space and both basic 
and back-up investigations on and near the Earth—are not now receiving 
adequate support in spite of their relative economy and in spite of their 
direct relevance to the expensive launchings later in this and throughout 
the next decade. Both the National Aeronautics and Space Administra¬ 
tion (NASA) and the National Science Foundation have authority for 
supporting back-up and fundamental research, but the problem persists. 
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NASA is confronted with the pressures and costs of vehicle develop¬ 
ment and launching: its research emphasis is on flight packages. Yet a 
broad program of research is mandatory for its objectives. The example 
of other agencies, dependent upon science and its applications, shows that 
agencies with specific missions must assume responsibility for the basic 
research upon which those missions depend and which is long precedent to 
application. 

The National Science Foundation is oriented to grant procedures in the 
traditional disciplines of the natural sciences, on a competitive basis. 
Review and selection procedures are not adapted to support of research 
that may be relevant to space problems. The Foundation’s difficulties 
are essentially administrative and two steps could be of value to it: 
first, the recognition of space research as a legitimate administrative and 
budgetary activity; second, the establishment of divisions devoted to the 
geophysical sciences and space research. 

In this way the Foundation would be in a position to assign suitable 
staff and appropriate funds to fundamental research in two important 
areas of contemporary activity. The administrative acts themselves 
would help to resolve some of the problems. Meanwhile the NASA 
should adopt an imaginative policy for the support of those fundamental 
studies and back-up research upon which its missions will depend 
increasingly. The total expenditures for all such research support, it 
should be noted, are but a fraction of the space effort—a fraction that will 
determine whether or not space activity is really meaningful and not 
trivial. 

Third , space is so vast, and the problems are so many, that participation 
should he on as broad a basis as possible. The best creative minds everywhere 
must be attracted. 

Domestically this requires a program based extensively upon participa¬ 
tion by universities. The greatest reservoir of creative scientists is to be 
found in the universities, and it is there that the scientists of succeeding 
years are trained and tested. The present and future interests of space 
investigations depend upon attracting these groups. To do so calls for 
specific policies: 

1. Support of space experiments must carry with it assurances of 
flight. The interest of experimenters cannot be sustained if years of work 
are vitiated by vehicular unreliability, lack of back-up vehicles, or 
engineering payload difficulties. 

2. Support of research should, in general, be directed to fundamental 
objectives. It should not be a transaction of purchasing payload 
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packages. Its essence should be research. Such research will lead to 
space experiments: then suitable arrangements lor flight packaging and 
launching can be made. 

3. Research is characterized by its long-range nature. University 
support must meet this requirement, for the environment is conducive to 
continuity of imaginative research, hinging on the nexus between senior 
scientists and graduate students. 

4. Research is not confined to launching capabilities. Its subjects 
relate the whole gamut of investigations, experimental and theoretical, 
and range from Earth-bound studies to experimental ideas and develop¬ 
ments that may far exceed vehicular capabilities at a given time. Sup¬ 
port should be granted imaginatively enough to embrace these aspects of 
research. 

To summarize: In the pursuit of knowledge about the universe, research 
is understandable. In the area of applications, the connection is inti¬ 
mate: what can be done now in communications, for example, depends 
upon research of the past; but what might be developed in the future 
will depend on further research. Moreover, there is a bond between 
research and technology, and advances in one affect the other. Thus 
cloud-cover satellites will not only permit the tracking of storms for 
forecasting but will yield data important to the research analysis of 
atmospheric dynamics. Ventures by man in space receive their ultimate 
justification, in the light of current knowledge, because they are linked to 
exploration of the planets. But exploration is really not exploration 
without careful recording of significant observations and the conduct of 
sound experiments. 

8. INTERNATIONAL COOPERATION 

The opportunities before scientists everywhere are far greater than 
suspected either by most of these scientists themselves or by their govern¬ 
ments. The fact that only two nations in the world are now engaged in 
the launching of space vehicles appears on the surface restrictive, but this 
is not fully so. 

First, space researches themselves increase the interests in and poten¬ 
tialities of research on Earth. Studies from the Earth itself in a variety 
of fields can be more profitably pursued. Examples are planetary 
astronomy, ionospheric physics, aurora and airglow, geomagnetism, and 
cosmic rays. Investigations in many of these fields have long been 
underway in many countries: their intensification and expansion is now 
far more significant in the light of current space interests. Much 
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experimental and theoretical work remains to be done on and near the 
Earth, and this work is of great intrinsic significance in itself, can valuably 
augment space experiments, and assumes even greater importance than 
in the past. 

Second, the increased use of balloons and rockets for studies above the 


masking layers of the atmosphere represents a very large area of activity 
that merits support by many more nations. Significant discoveries are 
unavoidable using these techniques, for science has only scratched the 
surface of our ignorance in terms of a detailed knowledge of the upper 
atmosphere and of information about the universe that can be acquired by 
instruments above the denser layers of the atmosphere. Perhaps of 
particular interest is the use of small rockets for meteorological observa¬ 
tions: it is quite likely that such rockets will become standard tools for 
meteorology within a decade. 

Third, much of the data from satellites and space probes can be 
acquired, either directly or indirectly, by scientists everywhere. These 
data are suitable for analysis and theoretical research. Much has been 
done in this area of research by scientists of such nations as England and 
Japan: much more can be done by scientists elsewhere. As a matter of 
fact, an increasing number of experiments aboard satellites and space 
probes can be construed as universal experiments: scientists can receive 
the telemetered data,* reduce and analyze it, and interpret it just as 
though the experiment in space had been designed and planned by 
themselves. 

Fourth, experimental ideas and experiments themselves, conceived 
and developed by scientists elsewhere, have good prospects of realization 
at least in the space program of the United States. Arrangements have 
already been made with groups abroad for inclusion of their experiments 
in future satellites. 


Fifth, sooner or later nations other than the United States and the 
Soviet Union will develop launching capabilities. To this end their 
prior activity in balloon and rocket launching and in fundamental research 
will be most useful. 


Thus the opportunities before science and mankind for a truly con¬ 
certed, international space effort are many. Mechanisms are at hand for 
achieving these ends. Within the scientific community itself, the 
Committee on Space Research (COSPAR) of the International Council 


* l his requires, of course, (a) knowledge of the transmitted frequencies and the 
codes and calibrations and (6) continuous transmission, if scientists everywhere can 
interpret the signals. Some satellite experiments are not conducive to this approach, 
but enough have been—and the number will grow—to justify the statement above. 
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of Scientific Unions is already in being and has made appreciable progress, 
continuing and extending the IGY cooperation in rocket and satellite 
research. 

It is fortunate that the space age was ushered in by the International 
Geophysical Year, 10 for the IGY engendered a spirit of harmonious 
cooperation in a period of political tensions. This unprecedented enter¬ 
prise, sponsored and carried out by the International Council of Scientific 
Unions, made possible a coordinated assault upon man’s ignorance of his 
planet and its surroundings. It saw some 30,000 scientists, observers, 
and technicians engaged in studies from pole to pole in thirteen areas. 
Three of these concerned the solid Earth: seismology, gravity, and 
longitude and latitude determinations. Three dealt with interface 
phenomena: oceanography, meteorology, and glaciology. Five investi¬ 
gated aspects of solar-terrestrial relationships and the upper atmosphere: 
cosmic rays, ionospheric physics, aurora and airglow, geomagnetism and 
solar activity. Two additional programs utilized new tools to explore 
the upper atmosphere and near and far space: these were the IGY pro¬ 
grams in sounding rocket and satellite research. 

The IGY was instrumental in extending sounding rocket research. 
The program of the United States and probably that of the Soviet Union 
were intensified during the IGY period. The number of nations engaged 
in rocket launchings and research increased, from the stimulus of the 
IGY, from two or three to seven. Moreover, a satellite effort was 
initiated by the IGY: how this came about is of interest as we look 
toward further international cooperation. 

The International Council of Scientific Unions (ICSU), a nongovern¬ 
mental organization, is composed of its constituent thirteen subject- 
matter unions and more than forty adherents (usually academies of 
science) from as many nations. Of the unions, two were particularly 
concerned with problems of the upper atmosphere and near space: the 
International Scientific Radio Union (URSI) and the International Union 
of Geodesy and Geophysics (IUGG). In 1954, at their general assemblies, 
first the URSI and then the IUGG adopted resolutions on the subject of 
satellites. These resolutions were then considered by the Special Com¬ 
mittee for the IGY (CSAGI), established by the ICSU for the planning 
and coordination of the IGY, and the following resolution, in substance 
essentially like those of URSI and the IUGG, was adopted at the Third 
General Assembly of CSAGI at Rome on October 4, 1954: 

“In view of the great importance of observations, during extended 
periods of time, of extra-terrestrial radiations and geophysical phenomena 
in the upper atmosphere, and in view of the advanced state of present 
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rocket techniques, CSAGI recommends that thought be given to the 
launching of small satellite vehicles, to their scientific instrumentation, 
and to the new problems associated with satellite experiments, such as 
power supply, telemetering, and orientation of the vehicle.” 

Two nations agreed to undertake the responsibility of launching 
instrumented earth satellites. The United States intention to attempt 
the launching of an earth satellite in response to the resolutions of the 
international scientific unions was announced on July 29, 1955. At the 
Fourth Assembly of the CSAGI at Barcelona on September 11, 1956, the 
intention of the U.S.S.R. to launch instrumented earth satellites was 
declared. 

The CSAGI Conference on Rockets and Satellites held in Washington 
from September 30 to October 5, 1957, brought about detailed discussions 
and plans for satellite research and culminated in the announcement on 
October 4 of the first successful launching of an instrumented earth 
satellite by the Soviet Union. This was shortly followed by the launching 
of Sputnik II by the U.S.S.R. on November 3, 1957, and by the United 
States with the launching of Explorer I on January 31, 1958, and Van¬ 
guard I on March 17, 1958. The complete list of satellites launched up 
to now is shown in Tables 1-4. 

The initial IGY period of eighteen months, from July 1, 1957, to 
January 1, 1958, was extended for another year under the designation 
IGC-59 (International Geophysical Cooperation-1959). During this 
two-and-a-half-year period hundreds of sounding rockets were launched 
by or from Australia, Canada, France, Japan, the U.S.S.R., the United 
Kingdom, and the United States. In this same interval 17 scientific 
satellites and space probes were launched by the U.S.S.R. (6) and the 
United States (11). In accord with IGY agreements, provisions were 
made for descriptions of rocket and satellite programs of the various 
countries, for data interchange, and for publication. 

The value of continued, cooperative rocket and satellite research was 
recognized more than two years before the end of the IGY-IGC program, 
and resolutions were submitted by the IGY to the International Council 
of Scientific Unions recommending that suitable means for continuing 
planning and cooperation be established. In October, 1958, the ICSU 
established the Committee on Space Research (COSPAR) for this 
purpose. 

The primary purpose of COSPAR is that of providing the world scienti¬ 
fic community with the means whereby it may exploit the possibilities 
of satellites and space probes and exchange the resulting data on a 
cooperative basis. It accomplishes this objective by working through 
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Table 1. U.S, Scientific Satellites* ( Continued ) 
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* In addition to the research satellites listed, other U.S. satellites have been successfully launched: Discoverers I, II, V, VI, VII, 
VIII, XI, XIII, XIV, XV, XVII, XVIII (recovery of capsule); Transit IB, IIA (all-weather global navigation system); Midas II 
(test of missile-launching detection system); Courier IB (active communications relay); Project Score (transmission of recorded 
speech). 







Table 2, U.S. Scientific Space Probes 
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Space probes were not included in the Greek-letter designation system until 1960. 
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A GENERAL REVIEW 


Table 4. Soviet Space Probes 


Designa¬ 

tion: 

Popular, 

Scientific* 

Launch date 
and 

inclination 

Flight result 

Payload 

weight 

(kg) 

Experiments 

Lunik I 
(Mechta) 

January 2, 1959 
1° to ecliptic 

Entered Heliocentric Orbit: 
Perihelion: 140,400,000 km. 
Aphelion: 197,200,000 km. | 
Period: 450 days 

1,472 

Radiation in space. Mag¬ 
netic fields of Earth and 
Moon. Density of mete¬ 
oric matter. Gas com¬ 
ponents of interplanetary 
matter. 

Lunik II 

Sept. 12, 1959 

65° to equator 

Impacted Moon at 5:02:24 
PM, EDT September 13, 
1959 

390.2 

Magnetic fields of Earth and 
Moon. C os in i c ray s. 
Meteoric particles. Tem¬ 
peratures and pressures. 


* Space probes were not included in the Greek-letter designation system until 1900. 


Table 5. Launching Vehicles and their Capabilities 


Vehicle 

Availability 

Juno II 

Now 

Scout 

Now 

Delta 

Now 

Thor-Agcna B 

Now 

Atlas 

Now 

Atlas-Agcna B 

1901 (est.) 

Centaur 

1962-03 (est.) 

Saturn 

1904 (est.) 


Approximate payload weights in kg* 


Into 500 km Earth 
orbit 

To escape Earth’s 
field 

43 

7 

70 

(10) 

230 

30 

725 

(About 1000 kg to 200 
km for manned orbi¬ 
tal flight) 

2300 

340 

4000 

1100 

80)00 

2300 


* Derived 


from ollieial compilation of launch 
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ICSU, its adhering national academies, and its constituent scientific 
unions. COSPAR was also asked to report to ICSU on measures needed 
to bring scientists of countries not now actively engaged in space research 
into the international program. Intergovernmental responsibilities for 


problems of international control were recognized by asking COSPAR to 
keep informed on the activities of the UN in this field and to make 
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recommendations to ICSU relative to measures of control that would 
affect scientific research. 

Since its first meeting in London during November, 1958, COSPAR and 
its executive committee have met several times. In these sessions its 
charter and procedures have been developed and effective scientific work 
has been achieved. Annual sounding rocket and space programs of the 
various nations have been collected, and a COSPAR space bulletin has 
been initiated. Arrangements have been made for continuing the 
exchange of information along the lines of the IGY but in a somewhat 
more complete way, using the rocket and satellite subcenters of the 
on-going IGY World Data Centers. An annual series of International 
Rocket Intervals has been successfully established. Special topics have 
been examined—notably a study of the remarkable geophysical events of 
July, 1959, 12 the development of reference tables for properties of the 
upper atmosphere, and the needs of space experimenters for radio fre¬ 
quency allocations (directed to the attention of the International Tele¬ 
communications Union). 

The First International Space Science Symposium, convened by 
COSPAR at Nice, January 11-15, 1960, gathered 300 leading scientists 
from 20 countries. Some 100 papers were presented in sessions devoted 
to the Earth’s atmosphere, the ionosphere, cosmic radiation and inter¬ 
planetary dust, solar radiation, the Moon and planets, meteorites, and 
tracking and telemetry. The agenda of a second symposium, meeting in 
Italy, April 7-18, 1961, included telemetry and data recovery problems, 
radio and optical tracking, geodetic and ionospheric topics, space biology, 
magnetic studies by rockets and satellites, the international reference 
atmosphere, and a further examination of the July, 1959 event and 
associated phenomena. 

COSPAR also provides an important forum for science in other ways. 
The offer made by the National Academy of Sciences, on behalf of NASA, 
to launch space experiments of scientists of other nations, was appropriately 
made within the COSPAR. Progress has been gratifying in the prepara¬ 
tion of the first of three United Kingdom instrumented satellites, which 
will be launched by means of a NASA Scout vehicle beginning about 
1962. Canadian scientists are preparing an ionospheric-sounder package 
for a Thor-Agena B satellite scheduled in 1962. Other joint projects are 
also under consideration. In a cooperative program with NASA, the 
Space Committee of Italy has undertaken rocket firings from Sardinia 
for studies of the high atmosphere by ejected sodium vapor. Similarly, 
NASA and Australia are considering the joint use of British rockets at 
Woomera for mapping ultraviolet radiation in the southern skies. 
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Neither COSPAR nor its IGY predecessor in space arrange for bilateral 
or multilateral efforts of a specific hardware type. But both have 
provided harmonious environments for expert discussion and exchange, 
for indicating needs, and for endorsing international objectives. Thus 
during the IGY, the United States was assisted by many countries in 
establishing a score of optical and radio tracking and telemetry stations 
abroad. This spirit of cooperation has continued and today close to 
thirty NASA tracking and communications stations are scattered in 
some twenty regions abroad. More than half of these stations are 
operated wholly or in part by nationals of the cooperating country. 
Moreover, scientists from many nations are engaged in space research 
and technology at laboratories and facilities in the United States. 

Thus COSPAR affords a basis for extending the cooperation begun 
effectively during the IGY and whose pattern may be helpful as space 
activities grow. To realize fully the opportunities before the world will 
call for major efforts by COSPAR: the encouragement of scientists 
everywhere to participate by the information and stimulus that can come 
from general assemblies similar to the First International Space Science 
Symposium; the extension and expansion of the activities of COSPAR’s 
three current working groups on scientific experiments, tracking and 
telemetry, and data and publications; and the formulation and coordi¬ 
nation of needed, specific international programs along the lines of the 
IGY. In these and related ways COSPAR can serve the needs and 
interests of science and mankind, for international cooperation in space 
research holds promise both of scientific progress in man’s most ambitious 
venture and of contributions to world amity. 

The control of the uses of outer space has been recognized as an inter¬ 
governmental problem. Measures to ensure that space shall be used for 
peaceful purposes have been discussed by major powers and within the 
United Nations although no agreements have been reached. In December 
of 1958 the UN established an Ad Hoc Committee on the Peaceful Uses 
of Outer Space. The Committee was asked to study the role of the UN 
in this area, to assess existing space activities and organizations, and to 
consider legal problems. The Committee met in the summer of 1959. 
Following the submission of its report later that year, the UN General 
Assembly created a broader successor committee on December 12, 1959, 
to examine practical means for fostering international cooperation, 
including the permanent continuation of space research carried out by the 
IGY, to study legal problems that may arise in space exploration, and to 
convene in 1960 or 1961 an international congress on peaceful uses of 
outer space. 
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Important problems of control and regulation confront the UN and its 
specialized agencies. The possible military use of space is probably the 
most important one. The allocation of radio frequencies for space 
research and applications is another critical subject which the Inter¬ 
national Telecommunications Union has already taken up and must act 
upon in the near future (e.g., the Extraordinary Administrative Radio 
Conference, scheduled for 1963). In preparation for the regulatory 
conventions, the International Scientific Radio Union of ICSU has 
organized a special symposium to develop the technical basis for such 
regulations in the field of communications. 

In the area of cooperation, two specialized agencies of the UN are 
working closely with COSPAR: the World Meteorological Organization, 
which is studying the application of satellites to forecasting, and the 
UNESCO, which has broad and general interests in the sciences and which 
has close liaison relationships with the International Council of Scientific 
Unions and COSPAR. 

But the important steps taken so far must be considered as preliminary 
in the light of the enormity of the challenge and scope of space. The 
problems of planetary exploration ahead are many and costly, and they 
are tied to a host of precedent researches which are in themselves exten¬ 
sive and important. These objectives might best be pursued on an 
international basis, and the successful pattern of the IGY may be useful 
in considering how mankind can approach cooperation in space. The 
principal organizational and administrative characteristics of the IGY 
were the following: 13 

1. The organization of the research was achieved through national 
machinery. Consequently, the governments of the world responded 
favorably to requests by their own scientists and committees for the 
support of specific activities within their capabilities that were planned 
and endorsed by the world’s scientific leaders. 

2. The international planning and coordinating committee was 
entirely nonpolitical. This was possible because of the essentially 
nongovernmental, purely scientific nature of ICSU. The IGY com¬ 
mittee accordingly stated objectives, planned requirements, and arranged 
the interchange of data but made no recommendations for work by one 
nation within the territories of another. Nor did it attempt to pool 
national resources, which would have created a host of administrative 
problems. It encouraged bilateral negotiations where cooperation 
between specific nations was advantageous. Above all, it welcomed 
participation of all national groups. 

3. The planning function was international, and it was necessary that 
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the planning be financed internationally. UNESCO properly played a 
leading role in this, particularly in the beginning; when added funds were 
needed for the operational phase, national contributions by adherents to 
ICSU (academies of science and research councils) provided an interna¬ 
tional fund of a grant nature, devoid of any semblance of political control 
or connotation. The amount of administrative funds was small (some two 
hundred thousand dollars over a period of about seven years), and it 
represented a fraction of the hundreds of millions devoted by nations to 
the effort, catalyzed by this international stimulus. 

4. The method was successful in catalyzing extensive research, for the 
specification of international objectives inspired the desire for participa¬ 
tion by national groups everywhere, satisfying a sense of national aspira¬ 
tion. Consequently, research that would otherwise not have been done 
was accomplished. The scientific exploration of Antarctica by twelve 
countries is an example. 

5. The method captured the imaginations of the world’s best research 
scientists. The planning by scientists of many nations toward a common 
obj ective inspired enthusiasms for otherwise unrealizable goals. Creative 
scientific work of international scope can best be achieved by the world’s 
leading scientists themselves, assessing genuine needs, problems, and 
opportunities. 

No a priori reasons preclude the utilization of this pattern for the 
exploration of space. During the last decade scientists and nations, 
with genuine enthusiasm, embraced the IGY program. Tired of war and 
dissension, men of all nations turned to “Mother Earth” for a common 
effort on which all found it easy to agree. 14 Now mankind has the 
vastness of space within its reach, and the opportunities for rewarding 
international cooperation are multiplied limitlessly. “ Those ingenious 
insights into the real meaning behind a set of observed facts that lead to 
real advances in the understanding of our universe are not the prerogative 
of a single nation or group but come from every quarter of the world 
where men are seriously occupied with scientific research. So vast is the 
challenge of space research and exploration and so great is the promise to 
mankind in the way of increased knowledge and ultimate benefits that no 
nation can afford to neglect or slight the opportunities that lie before it.” 15 

Chiseled in the oak above the entrance to the library of Carleton 
College are the following words of the great Norwegian explorer, Fridtjof 
Nansen: 

The history of the human race is a continuous struggle from darkness 
toward light. It is therefore of no purpose to discuss the use of 
knowledge man wants to know and when he ceases to do so he is no 
longer man. 
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In man’s brief history, the challenge of cosmic space stands unparalleled. 
What endeavor in the pursuit of knowledge more compellingly invites the 
assembly of men and of nations in common creative cause? 
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RESULTS OF EXPERIMENTS IN SPACE 

Bruno Rossi and Robert Jastrow 


This chapter presents a brief summary of the scientific results ob¬ 
tained to date 1 in the earth sciences, physics, and astronomy with the aid 
of artificial satellites and deep-space probes (see Tables I to 4 of Chap. 1). 
Included in this report are a few results obtained with sounding rockets, 
in so far as they pertain to problems also being investigated with space 
vehicles. However, no attempt will be made to give equal or extensive 
coverage to all fields of space science. Also, Russian literature on these 
problems has not been reviewed as thoroughly as has American literatuie. 

It is, of course, impossible to classify the various problems of space 
science into sharply defined categories. Broadly speaking, and for the 
purpose of orientation, one might distinguish four different scientific uses 
of space vehicles, namely, (1) to explore the environment of the vehicle 
itself (that is, the particles of various kinds and energies and the magnetic 
and electric fields present in the distant regions of space that have now 
become accessible to direct observation), (2) to obtain further information 
about our own planet by looking at it from above, (3) to study electro¬ 
magnetic radiation from celestial sources in the spectral regions where the 
terrestrial atmosphere or ionosphere have heretofore made observations 
impossible, and (4) to explore the other planets and the Moon. 

The first two categories may also be considered in accordance with their 

49 



50 


A GENERAL REVIEW 


* contributions to problems of great current interest in the space research 
program. These are (a) the structure of the earth as a planetary body, 
and (6) the properties of the atmosphere. The study of atmospheric 
properties includes the acquisition of basic data on density, temperature, 
and composition of the thermal population of atmospheric particles and 
on populations of nonthermal charged particles; the determination of 
changes in atmospheric structure with time and with location on the 
surface of the Earth; and the investigation of relationships between solar 
surface activity and effects in our atmosphere. 

The last topic involves the study of the great solar eruptions known as 
flares, during which the Sun emits clouds of energetic charged particles 
and radiation into the interplanetary medium. When a solar flare is 
situated in the right position on the Sun’s surface, the particles and radia¬ 
tion travel through the intervening medium to the Earth and interact 
with its atmosphere. The transfer of energy from the Sun to the Earth 
through this interaction is only a small part of the energy transferred by 
radiation in the visible region. In fact, it is less than a millionth part 
of the total energy transfer in solar radiation. Nonetheless, this small 
fraction of the total solar-energy transfer produces a number of important 
effects of great geophysical and practical interest. These effects include 
communications disturbances, polar ionospheric absorption, magnetic 
storms, and auroral displays. There has even been some suggestion of a 
correlation between flare activity and the weather. Flares also produce 
enormous changes in the intensity of the Van Allen belts, which in some 
manner as yet not clearly understood are apparently related to other 
geophysical effects accompanying solar activity. The entire matter of 
Sun-Earth relationships, including the formation of the Van Allen belts 
and their possible role in geophysical phenomena, constitutes a relatively 
new area of research in the geophysical sciences. It is an area which was 
greatly stimulated by the discovery of the Van Allen belts during the 
IGY, and an area which is now perhaps the most exciting and fruitful 
field of research in the present space program. For that reason we shall 
devote the greater part of our review to the topic of Sun-Earth relation¬ 
ships and the associated observations on energetic particles and atmos¬ 
pheric phenomena, which have been carried out during the IGY and 
post-IGY periods. 

Taking up the above four items in the reverse order, items 4 and 3 can 
be disposed of briefly because space science has not yet accomplished 
much in these fields. As to item 4, the U.S.S.R. has carried out the 
remarkable technological achievement of securing photographs of the 
back surfaces of the Moon, with the aid of automatic cameras and proces- 
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sing equipment contained in Lunik III. TheU.S.S.R. Academy of Science 
has published several of these photographs, accompanied by a detailed 
account of the series of complicated maneuvers which were executed by 
Lunik III in the course of securing them. 2 In spite of the blurring of the 
images, it is still possible to recognize a number of markings resembling 
the craters and seas that dominate the front face of the Moon. The most 
interesting feature is the Soviet Mountain Range, a chain extending 
1200 miles across the center of the Moon’s hidden face. The Soviet 
Mountains resemble the great ranges on the Earth; they do not look like 
the formations characteristic of the mountains on the front face of the 
Moon, all of which seem to be crater walls and circular deposits of debris 
formed by the impact of large meteorites on the lunar surface. 

According to our present ideas, terrestrial mountains result from the 
effects of erosion and the wrinkling of the Earth’s crust produced by the 
slow shrinkage of our planet. The current opinion is that these mountain¬ 
building forces have not been present on the Moon. The Soviet Moun¬ 
tains may result from the running together of several obscured but inde¬ 
pendent markings; but we shall have to revise our theories of lunar 
structure if they continue to appear as a single range in later and more 
detailed pictures. 

Regarding item 3, a start toward astronomy from outer space has been 
made by means of rockets. With these devices Friedman, Kupperian, 
and their collaborators have made important observations of the ultra¬ 
violet light from the night sky and of the ultraviolet emission and the 
X-ray emission from the Sun. 3 - 4 To quote one interesting result, they 
find a strong emission of X rays from the Sun during solar flares. How¬ 
ever, little or no enhancement of the ultraviolet spectrum has been 
observed at the time of flares, according to measurements made of the 
intensity of the Lyman-alpha line by Friedman and his collaborators. 
Several of the Russian and American satellites are equipped with ultra¬ 
violet or X-ray detectors, but no results have been available to this date. 

Regarding item 2, which includes geodetic measurements, meteorologi¬ 
cal observations, top sounding of the ionosphere, and the like, observations 
of the trajectories of artificial satellites have already provided a sub¬ 
stantial amount of new and important information on the gravitational 
field of the Earth and, by implication, on the inner structure of the Earth 
itself. The most useful satellite for this purpose has been Vanguard I, 
launched Mar. 17, 1958, on a 33° orbit, with a perigee height of about 
650 km and an apogee height of about 3960 km. From the observational 
data on the trajectory of this satellite, it has been possible to determine 
the first five harmonics of the earth’s gravitational field; in this country, 
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the analysis has been carried out mostly by a group of scientists from the 
National Aeronautics and Space Administration (NASA) and the Smith¬ 
sonian Astrophysical Observatory. 

As is well known, a fluid or plastic earth at rest would acquire a per¬ 
fectly spherical shape under the influence of its own gravitational field. 
The Earth rotates with a period of 24 hr, and under the combined influ¬ 
ence of the gravitational forces and the centrifugal forces due to its daily 
rotation, the sphere is flattened into the figure of an oblate spheroid. 

The degree of flattening is usually expressed in terms of the fractional 
difference between the equatorial and polar radii, which is defined as the 
flattening ratio. Very precise calculations of the flattening ratio have 
been carried out on the assumption that the Earth has a plastic interior 
in hydrostatic equilibrium. 5 ’ 6 These precise calculations yield a flatten¬ 
ing ratio of 1/299.8. 

The Vanguard I satellite can also yield a very accurate value for the 
flattening ratio, independently of the assumption of hydrostatic equilib¬ 
rium. The satellite measurement of the flattening is derived from the 
fact that the equatorial bulge of the Earth exerts a torque on the satellite, 
which causes a precession of the plane of its orbit about the polar axis. 
The rate of precession of the orbit plane has been measured with particular 
accuracy in the case of the Vanguard I satellite, 6 and the data on the pre¬ 
cession rate for this satellite indicate a flattening ratio of 1/(298.2 + 0.2). 

The discrepancy between the observed value of the flattening and the 
value obtained on the assumption of hydrostatic equilibrium is sub¬ 
stantially greater than the probable errors in the observations and indi¬ 
cates that the interior of the Earth is not in hydrostatic equilibrium. It 
appears that the Earth is not plastic, but has instead a mechanical 
strength within its interior sufficiently great to support the stresses at 
the base of the mantle which must be associated with the departure from 
the figure of hydrostatic equilibrium. O’Keefe has noted that the 
mechanical strength required at the base of the mantle to support these 
stresses is 2 X 10 7 dynes per cm. 

The rate of rotation of the Earth is steadily decreasing as a result of 
the effects produced by lunar tides. The pull of the Moon on the Earth 
raises tides in the seas, with amplitudes of many feet, as well as smaller 
tides in the mantle of the Earth, with amplitudes of a few inches at the 
Earth’s surface. The dissipation of energy in the friction produced by 
these tidal motions gradually slows down the Earth in its rotation. If 
other influences on the Earth’s rotation are neglected, it will continue to 
slow down until the time is reached, several billions of years in the future, 
when the length of day is the same for both Earth and Moon and each 
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FIG. 1. Shape of the Earth from Vanguard satellite data; the 
drawing on the left represents the old conception of the sphe¬ 
roidal Earth, with a 28-mile difference between the diameters 
at the pole and the equator; the figure on the right shows, in 
exaggerated form, the effect of adding a pear-shaped component 
to the ellipsoid, as required to fit the Vanguard data; in each 
drawing the dashed circle represents an equivalent spherical 
Earth with equal volume. {From R. Jaslrow, Missiles and 
Rockets, July 20, 1959.) 


keeps an unchanging face toward the other. At that time the length of 
the day will be about 50 of our current days. 

The current rate of change of the length of the day is about 10~ 3 sec 
per century. From this value we can calculate that the observed value 
of the flattening, as deduced from the Vanguard I data, would correspond 
to the figure of hydrostatic equilibrium for a plastic earth some 50 million 
years ago, when the day was about 23 hr and 30 min in length. Thus it 
appears that the mantle is sufficiently warm and plastic to respond to the 
changing stresses associated with the slowing down of the Earth; yet it 
has enough internal strength to cause the response to lag behind current 
conditions by about 50 million years. 

There are other departures of the geoid from the shape of hydrostatic 
equilibrium, in addition to the discrepancy in the flattening. These 
departures, which have also been determined primarily from the analysis 
of the Vanguard I orbit, include the famous pear-shaped component, or 
third harmonic in the expansion of the gravitational field (Fig. I). 7 They 
also include harmonics of the fourth and fifth order. Higher harmonics 
than the fifth are lost in the noise level of the orbit determinations, within 
the accuracy of present tracking systems. The magnitudes of the undu¬ 
lations in the geoid, i.e., the departures from the figure of hydrostatic 
equilibrium, are shown in Fig. 2 for each harmonic up to the fifth. The 
variation associated with the discrepancy in the flattening ratio, i.e., the 
second harmonic, is also shown in Fig. 2. These undulations, which 
range between tens and hundreds of meters, seem insignificant in com- 
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FIG. 2. Effect of second, third, and fourth harmonics on goo id 
height as referred to a fluid Earth with a flattening of 1 /'299.S. 
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parison with the radius of the Earth, or even in comparison with the 
topographic irregularities on the surface. Nonetheless, they are of very 
great significance to the student of the Earth's interior because they 
represent actual variations in the sea level. The third harmonic, for 
example, has an amplitude of 17 m at the North Pole, and this means that 
there is an excess of mass under the North Pole, or some other more com¬ 
plicated variation of the mass distribution in the mantle, sufficient to 
draw up the level of the sea by 17 m over an area arm,'parable with the size 
of the Atlantic Ocean. As we have remarked, such variations in the mass 
distribution probably indicate very large shearing forces in the interior 
of the Earth. 


It is also possible that large-scale convection currents in the mantle are 
responsible for the undulations of the geoid. However, the theory of the 
effects of these currents has never been developed for the case at hand in 
which the convecting layer contains many scale heights of temperature 
variation. Until further theoretical work is done on the problem, the 
choice between these possibilities must be considered as open. 

As a sidelight on the geodetic analysis of satellite orbits, the analysis 
of the Vanguard I orbit has been refined to such a degree t hat the very 
small effects of solar radiation pressure are clearly indicated in the orbital 
results. The force exerted by sunlight on Vanguard 1 is only 3 X 10 7 oz, 
and yet it has produced an observable change of 2 km per year in the 
perigee height of the satellite, as Fig. 3 shows. 8 


Two years of tracking observations were required to reveal the effects 
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keeps an unchanging face toward the other. At that time the length of 
the day will be about 50 of our current days. 

The current rate of change of the length of the day is about 10~ 3 sec 
per century. From this value we can calculate that the observed value 
of the flattening, as deduced from the Vanguard I data, would correspond 
to the figure of hydrostatic equilibrium for a plastic earth some 50 million 
years ago, when the day was about 23 hr and 30 min in length. Thus it 
appears that the mantle is sufficiently warm and plastic to respond to the 
changing stresses associated with the slowing down of the Earth; yet it 
has enough internal strength to cause the response to lag behind current 
conditions by about 50 million years. 

There are other departures of the geoid from the shape of hydrostatic 
equilibrium, in addition to the discrepancy in the flattening. These 
departures, which have also been determined primarily from the analysis 
of the Vanguard I orbit, include the famous pear-shaped component, or 
third harmonic in the expansion of the gravitational field (Fig. I). 7 They 
also include harmonics of the fourth and fifth order. Higher harmonics 
than the fifth are lost in the noise level of the orbit determinations, within 
the accuracy of present tracking systems. The magnitudes of the undu¬ 
lations in the geoid, i.e., the departures from the figure of hydrostatic 
equilibrium, are shown in Fig. 2 for each harmonic up to the fifth. The 
variation associated with the discrepancy in the flattening ratio, i.e., the 
second harmonic,, is also shown in Fig. 2. These undulations, which 
range between tens and hundreds of meters, seem insignificant in com- 
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parison with the radius of the Earth, or even in comparison with the 
topographic irregularities on the surface. Nonetheless, they are of very 
great significance to the student of the Earths interior because they 
represent actual variations in the sea level. The third harmonic, for 
example, has an amplitude of 17 m at the North Pole, and this means that 
there is an excess of mass under the North Pole, or some other more com¬ 
plicated variation of the mass distribution in the mantle, sufficient to 
draw up the level of the sea by 17 m over an area comparable ‘with the size 
of the Atlantic Ocean. As we have remarked, such variations in the mass 
distribution probably indicate very large shearing forces in the interior 
of the Earth. 

It is also possible that large-scale convection currents in the mantle are 
responsible for the undulations ot the geoid. However, the theory of the 
effects of these currents has never been developed for the case at hand in 
which the convecting layer contains many scale heights of temperature 
variation. Until further theoretical work is done on the problem, the 
choice between these possibilities must be considered as open. 

As a sidelight on the geodetic analysis of satellite orbits, the analysis 
of the Vanguard I orbit has been refined to such a degree that the very 
small effects of solar radiation pressure are clearly indicated in the orbital 
results. The force exerted by sunlight on Vanguard I is only 3 X 10 7 oz, 
and yet it has produced an observable change of 2 km per year in the 
perigee height of the satellite, as Fig. 3 shows. 8 

Two years of tracking observations were required to reveal the effects 
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of radiation pressure on the Vanguard I orbit, and even at the end of that 
time the magnitude of the pressure could be determined with a precision 
of only 30 per cent. The theory of orbital perturbations produced by 
radiation pressure, as developed by Musen, 9 constitutes an interesting 
addition to the literature of celestial mechanics, and it is fortunate that a 
recently launched satellite provides a more accurate means for measuring 
the effect of radiation pressure and for comparing the Musen theory with 
observation. This is Echo I, a balloon made of aluminum-coated Mylar 
with a thickness of 10 cm. It has a diameter of 30 m, a weight of 
70.4 kg, and an area-mass ratio of 10 m 2 per km. This area-mass ratio is 
1000 times greater than typical values for previously launched satellites, 
making Echo I a sensitive detector of such small effects as drag and radia¬ 
tion pressure. The computed variation in the orbit of Echo I produced 
by radiation pressure amounts to an initial decrease of 2 km per day in 
the perigee height, some 300 times greater than in the case of Vanguard I. 
This perigee decrease shortens its lifetime from 20 years to about 1 year. 

Figure 4 shows the comparison between the calculated and observed 
variations of perigee height for Echo I. 10 The agreement shown in Fig. 4 
confirms the Musen analysis with an accuracy of about 3 per cent. The 
variation shown in Fig. 4 is produced by a momentum transfer whose 
integrated magnitude over the entire skin of Echo 1 amounts to a force 
of only 0.02 oz. 

Regarding meteorology, the first meteorological satellite, Tiros I, was 



FIG. 3. Effect, of solar-radiation pressure on the orbit of 
Vanguard I. (From P. Musen, R. Bryant and A. Bailie, Science, 
ISt, 1 WO.) 
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FIG. 4. Variation in the perigee 
height of the Echo orbit produced 
by solar-radiation pressure. The 
circles represent perigee* heights 
determined from Minitrack data. 
{From R. Jaslrow and R. Bryant, 
J. Geophys. Res., 05, 3512, 11)00.) 


placed in orbit on Apr. 1, I960, and performed beyond the expectation of 
its designers until June 17, 1960. The success of Tiros I led to the launch¬ 
ing of Tiros II on Nov. 23, 1960. This satellite contains videcon systems 
for securing images of cloud-cover patterns, as in Tiros I. In addition, 
Tiros II contains a set of infrared detectors which constitute an important 
source of weather information and a second major objective of the mete¬ 
orological satellite system. The infrared measurements provide the 
fundamental data required for calculations of the transfer of radiant 
energy within the atmosphere. Meteorological aspects are discussed 
in greater detail in Chap. 6. 

The rest of this paper concerns item 1, that is, direct observations of 
the environment of space vehicles. 

It has been known for some time that interplanetary space is filled 
with an extremely dilute gas that is, for the most part, presumably hydro¬ 
gen. It also contains particles with energies much greater than the 
kinetic energy corresponding to either the thermal agitation or the bulk 
motion of the individual particles of the interplanetary gas. These 
particles will be referred to hereafter by the generic name of energetic 
particles. They include cosmic-ray particles originating outside of the 
solar system and having an energy spectrum extending to at least 10 18 or 
10 19 ev. They include, also, particles originating from the Sun whose flux 
and whose energy spectrum vary with time and are correlated with the 
solar activity. Ordinarily, only a very small fraction of the solar particles 
have energies greater than several hundred Mev. 

Presumably, in the inner part of the solar system and at sufficiently 
large distances from the planets, the conditions of interplanetary space 
are dominated by the Sun. 

Ultraviolet rays from the Sun ionize the interplanetary gas. Because 
of its low density and consequent slow rate of recombination, this gas 
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must be practically 100 per cent ionized. It thus must form, an almost 
perfect u plasma,” whose behavior is determined by the long-range elec¬ 
tric and magnetic interactions rather than by the short-range forces that 
appear during the collisions between gas particles. 

Gravitational attraction by the Sun determines the trajectories of 
meteorites and micrometeorites. It also must play an important role 
in the distribution of density of interplanetary gas, at least in the inner 
part of the solar system. Another factor to be taken into account is 
solar-radiation pressure. In fact, it has been shown that even the trajec¬ 
tories of artificial satellites are influenced appreciably by it (see Fig. 3). 

Presumably, the solar gravitational attraction not only tends to pre¬ 
vent the escape of interplanetary gas into interstellar space, but it also 
produces an infall of gas from interstellar space toward the Sun. Thus 
part of the matter in interplanetary space may be of extrasolar origin. 
Most of it, however, probably originates from the Sun, being ejected in 
spurts on the occasion of solar eruptions and, perhaps, also continuously 
through some sort of evaporation processes. 

The Sun has a dipole magnetic field, as well as local and much stronger 
magnetic fields related mainly to sunspots. Ionized plasma flowing out 
of the Sun distorts and stretches the magnetic lines of force, thus carrying 
and spreading the magnetic field of the Sun throughout the solar system. 

As we approach the Earth, we pass gradually from a region of space 
where the Sun is the dominant agency into a region of space where condi¬ 
tions are controlled primarily by our planet, while the Sun, of course, still 
exerts an influence. 

The terrestrial effect that is felt at the largest distance is the magnetic 
field. In the vicinity of the Earth’s surface, the Earth’s magnetic field 
resembles that of a dipole. The magnetic-field lines that cross the Earth’s 
surface near the equator do not go very far, and they return to the Earth 
practically undisturbed by whatever conditions prevail in interplanetary 
space. As we consider magnetic-field lines that cross the Earth’s surface 
at increasingly higher latitudes, we find that they reach farther and 
farther into space where the strength of the Earth’s dipole field is no 
longer large compared with that of the general interplanetary field. 
They are thus more and more distorted, until eventually they no longer 
return to the Earth, but join with the magnetic lines of the interplanetary 
field. 

The Earth’s magnetic field affects cosmic-ray particles, producing the 
well-known latitude effect and E-W asymmetry. It also affects the 
motion of the interplanetary plasma and is, in turn, affected by it. For 
when a mass of ionized gas approaches the Earth, it will be brought to a 
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stop gradually while it compresses the lines of force (and this will happen 
whether or not the plasma is originally magnetized). Notice that the 
effect of the gravitational attraction of the Earth on the motion of the 
plasma is small compared with that of the magnetic field. 

As we come closer to the Earth, terrestrial gravitational attraction 
becomes the dominant factor. It prevents the escape of gases filtering 
through the Earth's crust and of those originating from inorganic chemical 
reactions or from the metabolism of living organisms. These gases, 
together perhaps with some residue of the original terrestrial atmosphere, 
form the present atmosphere of the Earth. 

The upper layers of the atmosphere are strongly ionized by ultraviolet 
and X rays from the Sun, and occasionally by energetic particles of solar 
origin. They form the ionosphere. 

The ionosphere stops rather abruptly between 80 and GO km, because 
atmospheric absorption prevents the ionizing radiation from penetrating 
to lower altitudes. Thus the Earth's surface is separated from the iono¬ 
sphere and from the interplanetary plasma beyond by an electrically 
insulating blanket of air. 

Some of the experimental investigations will be discussed in the frame¬ 
work of this broad picture. 

One of the interesting results of these studies has been the discovery of 
a variability in the air drag on artificial satellites, showing corresponding 
changes in the air density at a given altitude. This fact was first noticed 
by Jacchia of the Smithsonian Institution by studying the orbit of Sputnik 
II. The more accurate tracking data on Vanguard I, which became 
available some time later, and the orbital observations on Sputnik III 
confirmed these results and showed that the drag fluctuates with a period 
close to the 27-day period of the solar rotation. This led Jacchia to corre¬ 
late the changes of air density in the upper layers of the atmosphere with 
the periodic changes of solar activity brought about by the Sun’s rotation. 
Presumably, when an active region appears on the visible portion of the 
solar disk, there is an increase in the flux of solar radiation responsible for 
the heating of the upper layers of the atmosphere. The consequent 
increase of temperature causes an outward expansion of the atmosphere 
and an appreciable increase of the air density at the apogee of the satel¬ 
lite. 11 Jacchia’s conclusions were considerably strengthened by the work 
of Priester, in Germany, who found that there was a close correlation 
between the variation of the drag on the satellite and the variation in the 
20-cm radio waves emitted by the Sun. This radiation is an excellent 
indicator of solar activity. 12 Shortly thereafter, Jacchia found a similar 
correlation between the drag and the solar radio emission at 10 cm. 13 
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1958 YEAR DAYS 



FIG. 5. Secular accelerations of satellites 15)58 Delta 1 and 
1.5)58 Beta 2 compared with the 10.7-em solar flux. The dates 
of the two great geomagnetic disturbances, July 8—9 and Sept. 
4, 15)58, are marked (1) and (2), respectively. Accelerations 
computed at intervals of 25 revolutions. (From L. G. Jacchia, 
Nature, 183, 1062, 1959.) 


The same correlation was found simultaneously in the orbits of two 
satellites, Sputnik III and Vanguard I, demonstrating that the effect 
was associated with atmospheric changes rather than with peculiarities 
in the drag response of a particular satellite. Figure 5 indicates the diag 
decelerations calculated and published by Jacobin in suppoit ot these 
remarks. 

In the course of his work Jacchia made another interesting observation. 
Fie noticed that on two occasions an abrupt increase in the drag on 
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FIG. 6. Secular accelerations of satellite 1958 Delta, 1 com¬ 
puted with a resolution of 10 revolutions around the dates of 
two great geomagnetic disturbances and compart'd with the 
3-hourly geomagnetic planetary indices KP. The instants of 
the flares that preceded the magnetic storms are marked on the 
diagram. {From L. G. Jacchia, Nature, 188, 1002, 1951).) 


Sputnik III occurred about a day after the appearance 
flares. The drag increase occurred at approximately the 


of large solar 
same time as 


the rise in the planetary magnetic 
netic storm which accompanied 


index and the occurrence of the mag- 
the flare. The correlation of these 


effects is shown in Fig. 6. 


Since the magnetic storm is usually taken to 


signify the arrival of a plasma cloud ejected from the sun during a flare, 
Jacchia suggests that in these particular instances the drag increase may 
have been the result of atmospheric heating produced by the collisions 
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of solar corpuscular streams with the atoms and molecules of the atmos¬ 
phere. As an alternative explanation, the simultaneity of the drag 
increase and the magnetic storm may be fortuitous, and the lag of one or 
two days between the flare and the drag increase may represent the time 
required for the atmosphere to come to equilibrium after the heating 
produced by the absorption of X radiation emitted during the flare. 14 

However, a recent analysis of the Echo I orbit provides an indication 
that solar 'particles are in fact responsible for the drag increases observed 
at the time of major flares. As we have noted, Echo has a very large 
area-mass ratio, making it a sensitive detector of drag changes. In the 
period Nov. 10 to 15, I960, a major solar event occurred, including two 
class 3+ flares and several smaller eruptions. This solar storm was the 
most severe that has occurred since the great flare of leb. 23, 1956. It 
was followed on Dec. 4, 1960, by a second event, including one class 3 + 
flare. The analysis of the Echo orbit shows that at the time of occurrence 
of each of these events, the drag acting on Echo I increased by about a 
factor of 2 and remained at this high value for several days before return¬ 
ing to its previous level for that period 15 (see Fig. 7). The increase in 
the drag probably indicated an increase in the average density of the air 
through which the Echo I moves, although it may also have been pro¬ 
duced by electromagnetic effects associated with changes in the density 
and velocity of charged particles in the ionosphere. Regardless of the 
mechanism which produced the drag increase, it is significant that the 
response of a satellite to a specific flare has been detected in the cases of 
Sputnik III and Echo I, whereas it has not been observed in the orbit 
of Vanguard I. In this connection, Jastrow and Bryant note that the 
orbits of Sputnik III and Echo I pass through regions of high magnetic 
latitude, in the auroral zones and in the outer Van Allen belt, whereas 
Vanguard I is confined to the low magnetic latitudes (less than 44°) and 
well outside the auroral zones. It is known that the intensity of the 
outer belt increases as much as a thousandfold after solar flares, according 
to Explorer VI and VII measurements, and that increased auroral activ¬ 
ity occurs at these times. These effects are associated with the channeling 
of corpuscular streams into the high latitudes by the Earth’s magnetic 
field. If the drag variations do in fact represent density changes, then 
these variations may be understood easily in terms of a corpuscular heat¬ 
ing of the atmosphere by collisions with trapped particles, leading to 
density increases that are confined to the auroral latitudes for a period of 
a day or two, before they spread to lower latitudes. 

Turning next to the ionosphere, rocket work by American scientists has 
contributed a large share of the information now available on the electron 
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FIG. 7. Drag acting on Echo I as represented by the fractional 
rate of change of period. The upward trend of the drag is 
associated with the downward motion of the perigee produced 
by solar radiation pressure, as indicated in Fig. 4. Sharp 
increases in drag occurred at the time of solar events in Novem¬ 
ber and early December, 19G0. (From R. J astro w and It. 

Bryant, J. Geophys. Res., in press.) 


density and on the relative abundance of the various positive ions, up to 
about 200 km. The recently launched Explorer VIII satellite contains a 
variety of plasma probes and field meters for the in situ measurement of 
electron and ion densities and temperatures in the ionosphere. The 
instruments in Explorer VIII are reported to be working satisfactorily, 
but data from this satellite have not yet been reduced and published. 
Russian satellites and space probes have carried such instruments, and 
some of the results have been made available. 16 Moreover, American 
as well as Russian scientists have obtained significant data on the density 
of electrons above the ionospheric maximum by observing the refraction 
of the waves from radio transmitters carried by U.S.S.R. and American 
satellites. 
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Figure 8 summarizes some of the results obtained from whistler data 
by Smith and Helliwell for altitudes extending out to 5 earth radii. 17 The 
whistler data indicate an annual variation of 30 per cent in electron den¬ 
sity in the exosphere, during the period 1955 to 1959. 

Figure 9 shows the electron-density profile to a height of 1500 km, as 
obtained by Berning by analysis of the propagation of radio waves from a 
sounding rocket. 18 Other sounding-rocket data, obtained by Nisbet, are 
shown in Fig. 10. These data resulted from analyses based on Faraday 
rotation, supplemented by measurements of ionospheric refraction. 19 
They were in seven separate flights at various times of day, in the interval 
between Sept. 20, 1956, and July 9, 1959. The differences shown in 
Fig. 10 emphasize the great variability of electron densities in the upper 
atmosphere. 

The most impressive scientific result obtained to this date from experi¬ 
ments in space is the discovery of the radiation belt. 

When space exploration began, the theoretical background of this dis¬ 
covery had been available for some time. The following facts were 
known: (1) In the absence of disturbing effects, charged particles can 
be trapped indefinitely in certain regions of space around a magnetic 
dipole (Stormer). (2) When the radius of gyration is small compared 
with the distance from the center of the dipole, each particle spirals about 
a line of force; as it moves from the weaker field found near the equator to 
the stronger field found near the poles, the pitch angle increases until it 
reaches the value of 90°, at which point, the motion is reversed, and thus 
the particle oscillates back and forth between two symmetrically located 
“mirror points” (Alfvdn, see Fig. 4). (3) Because of the curvature of 


FIG. 8. Electron density to 5 
earth radii deduced from whistler 
data. The data cover the years 
1055 to 1050. (From R. L. Smith 

and R. A. Helliwell, J. Geophys. 
Res., 65, 2583, 1960.) 
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FIG. 9. Electron-density pro¬ 
file based on analysis of radio 
wave propagation from a sounding 
rocket. (From W. W. Berniuy, 
J. Geophys. Res., OS, 2581), 11)00.) 


the lines of force and the radial gradient of the field strength, the trajec¬ 
tory of the particle undergoes a slow drift in azimuth, positive and nega¬ 
tive particles drifting in opposite directions (Alfv6n). There results an 
electric current, which, in the case of the dipole field of the Earth, would 
circle our planet from east to west. 

Early in 1957 Fred Singer published an article which, for the first time, 
called attention to the likelihood that there may actually exist in the 
dipole field of the Earth a trapped radiation, consisting of charged par¬ 
ticles which oscillate back and forth along the lines of force while drifting 
in longitude. 20 Singer had advanced this hypothesis in order to explain 
the so-called “ring current” which is held responsible for the main phase 
of the magnetic storms.* Singer suggested that the particles were of 
solar origin and that they were allowed to enter the normally inaccessible 
regions of the dipole field because of perturbations in the Earth’s mag¬ 
netic field; he also suggested that the trapped particles, leaking along the 

* Actually, it turns out that consideration of the drift alone leads to an incorrect 
result concerning the magnetic effects of trapped particles. Trapped particles 
behave like a diamagnetic gas whose polarization makes an important contribution 
to the magnetic field. 
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FIG. 10. Rocket electron-density 
measurements. ( From J. S. IVis- 
bet and S. A. Bowhill, J. Geophys. 
Res., 65, 2597, I960.) 


A 20h 01 m JULY 9 1959 
B 20h 47m MAY 6 1959 
C 1 h 50m SEPT 20 1959 
D Oh 57m MAY 14 1959 



lines of force into the lower atmosphere, would contribute to aurorae, 
airglow, and ionospheric ionization. 

The first satellites carrying detectors of energetic particles were Sputnik 
II (launched on Nov. 3,1957), Explorer I (launched on Jan. 31, 1958), and 
Explorer III (launched on Mar. 26, 1958; see Tables 1 and 3 of Chap.l). 
Tor each of the three satellites the detector was a single Geiger counter. 
Van Allen, whose group had been responsible for the instrumentation of 
the American satellites, reported his preliminary results at a joint meeting 
of the National Academy of Sciences and the American Physical Society, 
held in Washington on May 1, 1958.* He stated that the counting rate 
of the Geiger counter installed aboard Explorer I was dependent both on 
latitude and altitude, that it increased with altitude in a more or less 
regular fashion between 600 and 1000 km, but that, however, no counts 
were received during several minutes of radio contact while the satellite 
was above 2000 km. Van Allen interpreted the lack of signal as due to a 
jamming of the Geiger tube by a radiation of exceptionally high intensity. 
He figured that the “true” counting rate (such as would have been 
recorded with zero dead time) must have been greater than 35,000 per sec 
(as compared with a counting rate of about 20 per sec recorded below 

* See address by J. A. Van Allen in Satellites 11)58 Alpha and Gamma: High Intensity 
Radiation Research and Instrumentation, National Academy of Sciences, Satellite 
Report Series no. 13, Washington, D.C., January, 1061. 
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600 km). The data obtained with Explorer III were in agreement with 
those of Explorer I. They were more complete, however, because 
Explorer III, unlike Explorer I, had a device capable of recording the 
counting rates continuously and sending back the information on com¬ 
mand from the Earth, when the satellite was in radio contact with a 
receiving station. 

On the basis of these results, Van Allen concluded that a zone of very 
high intensity radiation exists around the Earth. He called attention 
to the fact that the radiation is detected through a wall thickness of 
1.5 g per cm 2 and yet does not penetrate to a depth of 600 km. Since 
the residual atmospheric thickness above 600 km is negligible, Van Allen 
concluded that the radiation must consist of charged particles that are 
restrained from reaching the vicinity of the Earth by the Earth’s mag¬ 
netic field. He suggested that these particles are of solar origin, that 
they penetrate the forbidden region of the Earth’s magnetic field through 
some sort of perturbation of the field, and that subsequently they remain 
trapped in this region. 

Despite Singer’s prediction, the discovery of a more or less permanent 
trapped radiation of the very great intensity revealed by Van Allen’s 
observations came as a major surprise. 

Sputnik II, because of its comparatively low apogee (see Table 3 of 
Chap. 1), had not penetrated deeply into the radiation belt. However, 
the small increase in counting rate, detected by Sputnik II at latitudes 
above 60° (and reported by Vernov, Grigorov, Logachev, and Chudakov 
in a paper submitted on May 4, 1958, to Doklady Akademii Nauk USSR) 
was probably due to the passage through the extreme fringes of the 
belt. 21 

On May 15, 1958, the U.S.S.E. launched Sputnik III (see Table 3 of 
Chap. 1). This satellite was equipped with many scientific instruments, 
among which were various radiation detectors and which saturated only 
at a much higher radiation intensity than the Geiger counters flown 
previously. The first results of Sputnik III were made public by 
Krassowsky, Vernov, Chudakov, and their associates at the CSAGI 
meeting held in Moscow in July and August, 1958. They confirmed fully 
the existence of the high-intensity radiation discovered by Van Allen. 22 

On Aug. 7, 1958 (see Table 1 of Chap. 1), the United States launched 
Explorer IV, equipped with a variety of instruments especially designed 
by the Iowa group to investigate the radiation belt. The preliminary 
results, reported late in August, 1958, at the Conference on Peaceful Uses 
of Atomic Energy in Geneva, dispelled all doubts about the fact that the 
high-intensity zone was actually due to a magnetically trapped radiation. 
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FIG. 11. An illustrative sketch; 
not to scale, of the spiral path of a 
trapped charged particle, the guid¬ 
ing center of whose motion lies 
along the line of magnetic force 
that intersects the Earth’s surface 
at a geomagnetic latitude of 45°; 
also shown are lines of force that 
intersect the Earth’s surface at 
geomagnetic latitudes 30° and 15°, 
respectively. C From J. Van Alien, 
C. Mcl twain, and G. L udwig, 
J. Geophys. Res., 64, 271, 1959.) 



Fluxes as high as 10(3,000 particles per cm 2 sec steradian were detected 
at certain locations. The intensity was shown to depend on the geo¬ 
magnetic rather than on the geographic latitude. Also, at intermediate 
latitudes it was found that the radiation was not isotropic, but had a 
disklike angular distribution such as one would predict in the case of 
magnetic trapping (see Fig. 11). 

Moreover, by the late summer of 1958, United States scientists had 
succeeded in producing artificial radiation belts by injecting high-energy 
electrons into the Earth’s magnetic field. This experiment, known as the 
Argus experiment (which was performed by means of three small atomic 
bombs exploded at a carefully chosen altitude and location), confirmed 
the theory of magnetic trapping and showed that, under appropriate 
circumstances, the trapping time in the magnetic field of the Earth 
could be quite long. 23 

Although the results of the Argus experiment were not made public 
until the spring of 1959, in the fall of 1958 the existence of a trapped 
radiation belt was regarded generally as an established fact. However, 
many questions concerning its nature, its spatial distribution, and its 
origin still remained unanswered. For example—and this was most 
important—it was not experimentally known whether the radiation 
intensity went through a maximum with increasing distance from the 
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Earth, or whether it kept on increasing asymptotically toward some 
limiting value. 

Some of these questions have now been answered, and we would like 
to summarize here the most significant results obtained during the last, 
2 years. 

As a working hypothesis, it was assumed from the outset that the 
trapped radiation consisted mainly of electrons and protons. Sputnik II I 
and Explorer IV carried a number of different detectors, and each of them 
had a different response to electrons and protons of various energies (see 
Tables 1 and 2). It immediately became apparent that the ratios ot the 
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Table 1. Instrumentation of Sputnik III 


Nal scintillator, used (a) as a counter (35-kev bias), and (b) with a. 
current integrator (detects X rays down to about 20 kev) 
Photomultiplier with thin phosphor, under 4 X 10 -4 g/cm 2 A1 foil, 
used with a current integrator (detects electrons, E > 10 kev) 
Photomultiplier with thin phosphor, under 8 X 10~ 4 g/cm 2 A1 foil 
Cerenkov counter (detects heavy c.r. primaries) 

Spherical ion trap (measures ion densities from 10 4 to 25 X 10° 


ions/cm 3 ) 

Mass spectrometer to determine composition of ionosphere 
Magnetometer 

Manometers for pressures from 10” 9 to 10 -8 mm Hg 
Micrometeorite detectors 
Field-mill electrometer 

Radio transmitters to detect radio “rise” and radio “sot” 


Table 2. Instrumentation of Explorer IV 

A. Plastic scintillator; shielding: 0.4 g/cm 2 Al; counts: 

Electrons, E > 650 kev 

Protons, E > 10 Mev 

X rays, E > 400 kev (low efficiency) 

B. Csl scintillator; 0.92 g/cm 2 thick; shielding: 1 rng/cm 2 ; measures 
total energy loss of: 

Electrons, E > 20 kev 

Protons, E > 400 kev 
X rays, (high efficiency) 

C. G.M. counter, 1.2 g/cm 2 wall; unshielded; counts: 

Electrons, E > 3 Mev 

Protons, E > 30 Mev 
X rays, E > 40 kev (low efficiency) 

D. G.M. counter, 1.2 g/cm 2 wall; 1.6 g/cm 2 Pb shield; counts: 

Electrons, E > 5 Mev 

Protons, E > 40 Mev 
X rays, E > 80 kev (low efficiency) 
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PIONEER IK 



FIG. 12. A geographical plot, to scale, of the projection on a 
(rotating) meridian plane of the trajectory of Pioneer III; the 
semicircle at the left represents the cross section of the solid 
Earth; polar coordinates are radial distance from the center of 
the Earth and the geographical latitude; the vertical axis is 
the geographical axis of the Earth with the north end up; the 
numbers are true counting rates at selected positions along the 
trajectory; the outbound leg of the trajectory is the upper por¬ 
tion of the curved line. {From J. Van Allen and L. Frank , 
Nature, 18S, 430, 1959.) 


counting rates of the various detectors varied greatly from point to point 
within the radiation belt. In other words, the measured fluxes were 
strongly dependent, both in absolute and in relative values, on the meas¬ 
uring instrument. It was concluded correctly that the composition and 
the energy spectrum of the radiation were different at different locations. 

Many of the American and Russian vehicles, including Sputnik II, 
Explorer I, Explorer III, and Explorer IV, carried Geiger counters, with 
wall thicknesses ranging from a few tenths of 1 g per cm 2 to slightly more 
than 1 g per cm 2 (including the vehicle skin). These counters detect, 
with practically 100 per cent efficiency, electrons of a few Mev energy, 


FIG. 13. Physical arrangement of 
radiation detectors in conical pay- 
load of Pioneer IV; base diameter 
23 cm ; total payload weight 0.1 kg; 
the arrangement of Pioneer III 
was identical except for omission 
of the shield over the 213 tube. 
(From J. Van A llen and L. Frank, 
Nature, 18/,, 219, 1959.) 
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FIG. 14. Plots of the projection 
of the trajectories of Pioneer III 
and Pioneer IV on a geomagnetic 
plane (centered dipole model); 
unit of distance, pe — 6,371 km. 
(From J. Van AUen and L. Frank, 
Nature, 184, 219, 1959.) 


and protons of a few tens of Mev energy, which can penetrate the wall. 
They also detect, with much lower efficiency, electrons down to a few 
tens of kev energy, through the intermediary of the X rays which they 
produce in the counter walls. 

Late in 1958 and early in 1959, the United States and the U.S.S.R. 
launched a number of deep-space probes (see Tables 3 and 4 of Chap. t). 
Some of them, namely Pioneer III (see Fig. 12), Mechta and Pioneer IV 
(see Figs. 13 and 14), carried Geiger counters similar to those carried by 
the satellites. The two most important facts brought to light by these 
probes were: (1) The high-intensity radiation is confined to a belt around 
the Earth; at great distances, only the normal cosmic-ray flux is detected. 
(2) As one moves farther and farther away from the Earth, the counting 
rate of the Geiger counter goes through two separate maxima; thus there 
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FIG. 15 . Semilog plot of true counting rate of the 302 Geiger- 
Mtiller tube versus time of observation on the outbound log of 
the flight of Pioneer III; radial distance from the center of the 
Earth is shown at the top of the figure; the geographical longi¬ 
tude during the period shown was 30°W at 0600, 0° at 0630, 
5°E at 0700, 4.6°E at 0730, 2°E at 0800, 2°W at 0830. (From 
J. Van Allen and L. Frank, Nature, 183, 430, 1950.) 
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FIG. 16. The trajectory of the rocket in geomagnetic coor¬ 
dinates; Moscow time and the intensity (vertical lines drawn 
from the trajectory) are shown along the trajectory; the total 
ionization is used as a measure of the intensity; the magnetic- 
force lines intersecting the surface of the Earth at latitudes of 
50°, 55°, 60°, 65°, and 70° are shown; the magnetic field is taken 
to he that of a dipole whose geomagnetic-pole coordinates are 
78.5°N and 69°W; the inner zone is indicated by the dotted 
region, the outer zone by the shaded region; the density of 
shading gives a qualitative picture of the intensity distribution 
in the second zone. ( From S. Vernov, A. Chudakov. P. Vakulov, 
and, Yu. Logachev, Soviet Physics Dole., 4, 338, 1959.) 

is an “inner zone” and an “outer zone,” separated by a slot (see Figs. 
15, 16, and 17). 

These results were announced first, by Van Allen, 24 and then confirmed 
by the Russian workers. 25 The decrease of the intensity level beyond 
the maximum was also detected by S.T.L. and Iowa physicists by means 
of an ionization chamber installed aboard Pioneer I. 26 

Comparing the data of Pioneer III, Meehta, and Pioneer IV, Van Allen 
established another important fact. Although the population of the 
inner zone is comparatively stable, that of the outer zone shows large- 
scale fluctuations, which are presumably connected with solar activity. 
Figure 18 illustrates dramatically this effect. Note that the flight of 
Pioneer IV occurred a few days after a period of enhanced solar activity 
and magnetic storms. 




72 


A GENERAL REVIEW 



FIG. 17. Intensity structure of the trapped radiation around 
the Earth; the diagram is a geomagnetic meridian section of a 
three-dimensional figure of revolution around the geomagnetic 
axis; contours of constant intensity arc labeled with numbers 
10, 100, 1000, and 10,000, and these numbers are the true 
counting rates of an Anton 302 Geiger tube carried by Explorer 
IV and Pioneer III; the linear scale of the diagram is relative 
to the radius of the Earth, 6371 km; the outbound and inbound 
legs of the trajectory Pioneer III are shown by the slanting, 
undulating lines; the intensity structure is a function of detector 
characteristics. (From J. Van Allen, J. Gcophys. Res., (>J h 1683, 
1959.) 

In the meantime, more specific information on the composition of the 
trapped radiation was becoming available, through both a detailed 
comparison of the counting rates of the various instruments installed on 
Explorer IV and Sputnik III and direct observations by means of photo¬ 
graphic plates and magnetic spectrometers flown with rockets into the 
lower edge of the radiation belt. Figure 19 shows the proton spectrum 
between 75 and 400 Mev at the fringe of the inner zone (about 1000 km 
near the equator). Figure 20 shows the spectrum of electrons between 
80 and 500 kev measured between GOO and 1000 km at high latitude, 
where the outer belt reaches down to fairly low altitudes. No protons 
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with more than 1-Mev energy were found in this region. 28 Table 3 gives 
some tentative estimates of the intensities of protons and electrons of 
various energies at the heart of the inner zone (3000 km on the geomag¬ 
netic equator) and at the heart of the outer zone (16,000 km on the 
geomagnetic equator), according to Van Allen. 29 

On Aug. 7, 1959, Explorer VI was launched; it was followed by Explorer 
VII, launched on Sept. 19. Explorer VI is on an orbit with a peri¬ 
gee height of 252 km and an apogee height of 42,434 km (see Fig. 21). 
Explorer VII is on an orbit with a perigee height of 556 km, an apogee 
height of 1086 km, and an inclination of 50°. Explorer VI carries three 
radiation packages: (1) a proportional counter telescope within a shield 
of 5 g per cm 2 of lead, built by the Chicago group; (2) a thin-walled 
Geiger tube and an ionization chamber built by the Minnesota group; and 
(3) a scintillation detector provided by S.T.L. (see Table 3). Explorer 
VII carries two Geiger counters provided by the Iowa group. One of 
them is unshielded and has a wall thickness of about 0.5 g per cm 2 ; the 
other is surrounded by 1.15 g per cm 2 of lead. 



FIG. 18. A comparative plot of the radiation intensities as 
measured with nearly identical Anton 302 Geiger tubes in 
Pioneer III and Pioneer IV; the trajectories wore not identical, 
the most important difference being that Pioneer IV cut through 
the inner zone several degrees closer to the equator, at a radial 
distance of about 10,000 km. {From J. Van Alien, J. Geophys. 
Res., 64, 1083, 1959.) 
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FIG. 19. The absolute energy 
spectrum of protons above 75 Mev 
in the lower Van Allen radiation 
belt at an altitude of 1200 km; the 
line is a least-squares fit of the 
equation N = NiT~ n to the data 
and gives Vi = 2.1_ 0 .7 10 X 10 3 pro¬ 
tons per Mev -72 stcradian sec cm 2 
and n = 1.84 ± 0.08. (From S. 
Freden and R. White, Phys. Rev. 
Letters, 3, 9, 1959.) 



ELECTRON ENERGY (KEV) 


FIG. 20. Electron spectrum meas¬ 
ured at high latitude, between 000 
and 1000 km altitude. (From M. 
Walt, L. Chase, J. Clad,is, W. 
Imhof, and J. Knccht, COSPAR 
Meeting, Nice, January, 1900.) 
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FIG. 21. The orbit of Explorer VI in space; the angle between 
the plane of the orbit and the Earth’s equatorial plane is 47°; 
the orbital plane is tipped 38° to the plane of the ecliptic; on 
August 16, during the geomagnetic storm, the major axis was 
directed about 125° away from the Sun. (From R. Arnoldy, 
R. Hoffman, and J . Winckler, J. Geophys. Res., 65, 1361, 1960.) 


A wealth of new information has come from the analysis of the data 
obtained with these satellites. 


Figure 22 shows the threefold coincidence rate of Simpson’s telescope 
on Explorer VI and the single counting rate of the middle counter for a 


given passage of the satellite plotted against altitude above the Earth’s 


surface. 30 Threefold coincidences are produced only by comparatively 
energetic particles, that is, protons with more than 75 Mev or electrons 


with more than 13 Mev kinetic energy, whereas single pulses can be pro¬ 
duced also by fairly low energy electrons (down to about 300 kev) through 
the intermediary of X rays. It is evident that high-energy particles are 
present only in the inner belt and that the counts recorded by the single 
counter in the outer belt are due entirely to low-energy electrons. 


Figures 23 and 24 represent some additional results obtained from sin¬ 


gle counting rates of the counters carried by Explorer VI. They show 
that the outer electron belt has a complex structure. In many passages 
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FIG. 22. The counting rate as a function of altitude near 
perigee for the single-counter channel and for the triple-coin¬ 
cidence channel; the peak at the left is due to protons from the 
inner Van Allen region having energies greater than 75 Mev; 
the brernsstrahlung from electrons produces the peak on the 
right; note that the detection of energetic particles from the 
triple-coincidence counter is limited to cosmic radiation beyond 
the altitude of 3,500 km. [ From C. Fan, P. Meyer, and J. Simp¬ 
son, in H. Kallmann Fiji (ed.), Space Research, p. 956 (Proa. 1st 
Intern. Space Sri. Symposium), North-Ho Hand Publishing Co., 
Amsterdam, I960.] 


FIG. 23. Passage through the two 
electron regions on Aug. 17, 1959; 
single-counting rate as a function 
of time. [From ( 7 . Fan, P. Meyer, 
and J. Simpson, in H. Kallmann, 
Fiji {ed.), Space Research, p. 957 
(Proc. 1st Intern. Space Sci. Sym¬ 
posium), North-1Tolland Publish¬ 
ing Co., Amsterdam, I960.] 
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FIG. 24. Radiation levels on the 
oncoming portion of Pass 27, 
which shows three distinct radia¬ 
tion regions; the Van Allen inner 
zone appears at 8500 km, the outer 
zone at 11,500 km, and the new 
intermediate zone close to 10,000 
km. (From R. Arnold}/, R. Hoff¬ 
man, and J. Winckler, J. Geophys. 
Res., 65, 1361, 1960.) 


two separate peaks appear. The Minnesota instruments indicate that 
the radiation is softer at the outer than at the inner peak. 31 Both the 
Chicago and the Minnesota groups remark that the intensity maxima in 
the electron belt observed at different latitudes lie along magnetic lines 
of force. 

Before continuing this summary of the experimental data, the problem 
of the origin of the trapped radiation should be discussed. The problem 
arises, of course, because a charged particle should not be able to enter a 
captive orbit any more readily than it can leave it, so that some special 
injection mechanism is required. 

One possible injection mechanism, suggested independently by several 
scientists, is the neutron cosmic-ray albedo. Upon entering the atmos¬ 
phere, cosmic-ray particles undergo nuclear collisions. Among the prod¬ 
ucts of these collisions are a number of neutrons that are projected 
upward, and travel, undeflected, through the magnetic field. On the way 
out, some of the neutrons decay into electrons and protons, injecting these 
charged particles into trapped orbits. Data on the neutron albedo spec¬ 
trum are now available; it is thus possible to compute the source spectrum 
of electrons and protons. Making suitable estimates of the mean lives 
of these particles in the trapped orbits, it is possible to compute the parti¬ 
cle density and spectrum in the radiation belt. Computations of this 
kind were made first by Singer 32 and refined later by others. 33 An inter¬ 
esting point emphasized by Dessler is the effect of the so-called “Cape 
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Town anomaly.” 34 In the general area of Cape Town, the Earth’s mag¬ 
netic field is abnormally low. This should bring the mirror points located 
on the lines of force that pass through this region into the lower atmos¬ 
phere. Atmospheric scattering and absorption would then decrease the 
population along these lines of force, and the drift in longitude would 
spread the depletion to a shell around the Earth. 

The computed proton spectrum has been found to be in reasonable 
agreement with that observed in the inner zone by means of photographic 
plates. 27 This fact, together with the relative stability of the inner zone, 
lends considerable support to the assumption that the high-energy parti¬ 
cles, found primarily in the inner zone, originate indeed from the decay 
of neutrons. 


It seems very difficult, however, to assume that most of the low-energy 
electrons, found predominantly in the outer zone, have a similar origin. 
As pointed out by Gold, this hypothesis is completely ruled out on the 
ground of energy balance if it is true—as it seems very likely—that 
aurorae are due to a discharge of the radiation belt along the lines of force 
into the polar regions of the upper atmosphere, because the energy sup¬ 
plied by the neutron albedo falls short, by several orders of magnitude, of 
the average energy dissipated in the auroral displays. 35 

Another possible mechanism considered by various scientists is the 
injection of particles of solar origin, which we have already mentioned, 
lhis requires some sort of disturbance of the Earth’s magnetic field, 
brought about, presumably, by the same plasma cloud that also carries 
the particles. No detailed theory of this phenomenon exists, but various 
interesting points have been brought out. For example, Gold has empha¬ 
sized the importance of the non-ionized atmospheric layer that insulates 
the Earth from the highly conducting gases in the exosphere and in inter¬ 
planetary space. This makes it possible for the charged particles that, 
at some time, are contained within a tube of force to be transferred to 
another tube of force without any expenditure of energy. Such a transfer 
of particles might help to explain both the injection of particles and their 
spread throughout the radiation belt. 36 


Of course, one should also bear in mind that what needs to be injected 
is energy rather than particles. Electrons are certainly produced within 
the radiation belt by ionization of neutral atoms coming from the atmos¬ 
phere below. These electrons have much lower energies than those 
detected in the radiation belt, but it is conceivable that they may become 


accelerated by hydro magnetic disturbances induced by the arrival of a 
plasma cloud. One might ask, however, whether or not it is reasonable 
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to assume that the plasma cloud should inject its energy into the Earth’s 
magnetic field without injecting, at the same time, the particles of which 
it is formed. 

The problem of the origin of the outer belt is still unsolved. However, 
certain correlations between intensity variations in the outer belt and 
solar or geophysical effects offer suggestive clues. It has already been 
noted that in March, 1959, Pioneer IV detected an increase in the popu¬ 
lation of the outer belt following solar disturbances. This, of course, is 
evidence of a solar origin either for the particles found in the belt or at 
least for their energy. Since that time, further analysis of the data of 
Explorer IV and new observations by Explorer VI and Explorer VII have 
provided additional information. 

Eothwell and Mcllwain, of the Iowa group, relating results of Explorer 
IV, reported that on the occasion of the magnetic storms of Sept. 3-5, 
1958, there was a considerable depletion of the particle population in the 
“horns” of the outer belt. 37 

During the magnetic storm of Aug. 16, 1959, a number of interesting 
observations were made with instruments aboard Explorer VI. In com¬ 
paring these results, one must bear in mind that the various detectors 
differ greatly in their response to particles of different kinds and different 
energies (see Table 1). (1) At the beginning of the main phase of the 

magnetic storm, the S.T.L. group found that the radiation belt was more 
or less normal up to almost 7 earth radii (geocentric). Around 7 earth 
radii, however, they noticed considerable structure and some decrease. 
At the next passage, about 12 hr later, there was a modest increase of 
intensity (less than a factor of 2) between 3 and 4 earth radii, while there 
was further depletion and still considerable structure at 7 earth radii. 
At the subsequent passage, after another 12 hr, there was an increase 
everywhere in the outer zone, while the structure previously noted at 
7 earth radii was disappearing. The intensity continued to increase for 
another 48 hr; then it began to decrease slowly and, after 2 weeks, was 
still above the prestorm value. 38 (2) The Chicago group found that, 
about 2 days after the beginning magnetic storm, the outermost maxi¬ 
mum (as measured with the shielded counter) had increased considerably 
in intensity and had moved to a smaller range. 39 (3) The Minnesota 
group found that, 1 day after the beginning of the storm, the outer zone 
was considerably depleted. The radiation dumped into the atmosphere 
on that occasion was thought to be responsible for the aurora observed at 
the same time. There was then a gradual recovery of the particle popu¬ 
lation coincident with the recovery of the magnetic field. For several 
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days after the storm, the particle density was well above the prestorm 
value. 40 

Finally, the Iowa group reported the following observations made dur¬ 
ing the magnetic storms of Nov. 28, 1959, and of Mar. 31, 1960, by means 
of the unshielded counter aboard Explorer VII. To quote from a com¬ 
munication presented at the April, 1960, meeting of the American Geo¬ 
physical Union: 


The effects of the storm (of 28 November, 1959) were, firstly, to greatly deplete 
the intensity of trapped radiation at high latitudes beyond the peak of the outer 
zone. The outer zone was thus made much narrower, and it moved towards 
lower latitudes, initially very intense fluxes were observed in the peak, and then 
these gradually disappeared so that on 29 November the counting rate of the 
counter was only about one-tenth that on 28 November. This effect was noted 
in both hemispheres. . . . 

The (outer) zone was stable on 27 November, but very disturbed on the next 
day, when a 3-second wide peak at 0336.30 Z was over an auroral arc. Further¬ 
more, a monochromatic 6300 A sub-visible arc was under the outer zone through¬ 
out the night. 

It appears that the visible auroral arc may have been generated following a 
very rapid dumping out of trapped particles. Then over a period of many hours 
more particles were scattered out and these caused the sub-visible wide red 


arc. . . . 

The most recent and thus far the most drastic observed modification of the 
outer zone occurred during the period 31 March to 10 April 1960. The time 
relationship to the very great magnetic storm which began on 31 March leaves 
very little doubt of the causal association with this event. For several weeks 
previous to the event the outer zone had been relatively stable in intensity and 
position. The intensity as observed with the lightly shielded tube was about 
200 counts per second. On 31 March-1 April the outer zone as observed at 1000 
to 1100 km altitude almost completely disappeared (less than 10 counts per 
second). Widespread aurorae at low latitudes were reported, favoring the view 
that the trapped radiation was being precipitously dumped into the atmosphere 
by magnetic perturbation. The outer zone recovered rapidly in intensity (show¬ 
ing at times considerable detailed structure); by a week later the intensity had 
built up to over 10,000 counts per second. The intensity then gradually declined 
toward its pre-storm level. 


Another point of considerable significance in connection with the origin 
of the outer radiation belt is that in its excursion beyond the outer fringes 
of the belt, Explorer VI has not, so far, encountered any flux of energetic 
electrons comparable with that found within the radiation belt. This 
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seems to rule out the assumption that the electrons found in the radiation 
belt arrive from the Sun with their full energy. 

The general picture that seems to evolve from all these observations is 
about as follows. Occasionally a disturbance comes from the Sun, pre¬ 
sumably in the form of a fast-moving plasma cloud (or tongue) with a 
sharp front. The bulk velocity of the cloud may be of the order of 10 s cm 
per sec, so that the plasma protons would have energies of the order of 
10 kev, while the electrons have presumably, on the average, much lower 
energies. The cloud interacts with the Earth’s magnetic field, and the 
first effect of this interaction is a dumping of particles from the outer belt 
into the atmosphere. Subsequently, there occurs, within the outer radia¬ 
tion belt, an increase in the number of electrons of 10 kev or more. The 
necessary energy must come from the initial kinetic energy of the gas 
cloud. The electrons that become accelerated may be present already 
in the radiation belt, or may be injected into it from the cloud. The 
mechanism of the energy transfer is still obscure. It certainly involves 
hydromagnetic disturbances, because the collision mean free path is too 
long for electron-proton collisions to play an important role. However, 
it has been pointed out that, once the plasma cloud is brought to rest, its 
kinetic energy of bulk motion (which resides entirely in the protons) may 
tend to become distributed in equal measure, as kinetic energy of random 
motion, among electrons and protons. 

The great interest aroused by the discovery of the radiation belt has 
somewhat overshadowed the results concerning cosmic rays obtained by 
means of space vehicles. And yet it should not be forgotten that detec¬ 
tors of energetic particles had been originally installed on space vehicles 
for the study of cosmic rays. 

Some very significant results concerning cosmic rays have been reported 
recently by Simpson. They are based on observations made with his 
counter telescope, installed aboard Explorer VI. This instrument, as 
previously mentioned, detects only protons of more than 75 Mev energy 
and electrons of more than 13 Mev energy. Particles of such energies are 
not found in the radiation belt beyond about 5 earth radii. 

Simpson’s results have to do with the so-called Forbush decreases. It 
has been known for many years that often the cosmic-ray intensity on 
the Earth drops sharply by a few per cent at the beginning of a magnetic 
storm. This decrease, discovered by Forbush, is ascribed to a modula¬ 
tion of the cosmic-ray intensity by a changing magnetic field. Until 
recently, however, there was no experimental information on the extension 
and location of the modulating mechanism. On the occasion of the mag¬ 
netic storm of Aug. 15, 1959, Simpson observed a Forbush decrease occur- 



RESULTS OF EXPERIMENTS IN SPACE 


83 


ring at 6 earth radii simultaneously with a similar decrease on the Earth. 
This result shows that the modulation does not occur in the vicinity of 
our planet. 39 

Magnetic-field measurements are also related to the problem. Van¬ 
guard III carries a proton-precession magnetometer, whose results are 
currently being analyzed. They cover a range of altitudes between 500 
and 3700 km. To explore the magnetic field at larger distances from the 
Earth, Sonett and his collaborators 40 at S.T.L. have installed search-coil 
magnetometers aboard Pioneer I and Explorer VI. The coil is fixed 
with respect to the spinning vehicle, and thus measures the component 
of the magnetic field perpendicular to the spin axis. The results of the 
measurements may be summarized as follows: up to about 5 earth radii 
from the center of the Earth, the measured magnetic field agrees with 
that computed from the known dipole moment of the Earth. Beyond 
5 earth radii, however, systematic deviations from the theoretical dipole 
field begin to appear (Fig. 25). They can be accounted for quantita¬ 
tively by assuming the existence of a ring current of several million 
amperes, centered at 9 or 10 earth radii. Between 12 and 15 earth radii, 
there are violent, short-time fluctuations, with periods of the order of 
seconds, that are ascribed to hydromagnetic disturbances. Beyond about 
15 earth radii, the field becomes quiescent and settles down to a value of 
several gammas, which appears to be characteristic of interplanetary 
space. 

Previous measurements by Dolginov, with a magnetometer installed 


FIG. 25. Measurements of the 
magnetic-field component perpen¬ 
dicular to the spin axis of Explorer 
VI, showing the effect of a "ring 
current.” (From P. J. Coleman, 
C. P. Sonett, D. L. Judge, and 
E. J. Smith, J. Geophys. Res., 66, 
1850, I960.) 
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EARTH ORBIT 



FIG. 26. Orbit of Pioneer V. 


aboard Mechta, had shown an anomaly in the geomagnetic held indicat¬ 
ing a ring current at 3 or 4 earth radii. 41 This anomaly has not been 
found in the data of Pioneer I or Explorer VI. 

The second Soviet Moon rocket, Lunik II, yielded magnetic-field meas¬ 
urements in the vicinity of the Moon up to the time of impact on the 
lunar surface. From the Lunik II magnetometer data Soviet scientists 
concluded that an upper limit of approximately 100 gammas could be 
placed on the Moon’s magnetic field. 42 

Finally, some of the preliminary but very exciting results of Pioneer V 
(Fig. 26), are now discussed. This deep-space probe was launched on 
Mar. 6, 1960, and on May 9, 1960, 1200 UT, was 13,450,000 km away, 
traveling along a line at approximately 45° to the Earth-Sun line. 

Pioneer V carries several radiation detectors and a magnetometer simi¬ 


lar to those of Explorer VI. The magnetometer data obtained in the 
vicinity of the Earth agree with the previous results of Pioneer I and 
Explorer VI; in particular, they confirm the systematic deviations from 
a dipole field beyond 5 earth radii and the region of severe fluctuations 
between 12 and 15 earth radii. Beyond this distance, the magnetic field 
(or better, its component perpendicular to the spin axis) appears to settle 
down to a value around 2 or 4 gammas. Occasionally, however, the probe 
encounters regions of enhanced magnetic field. Most notable is the event 
observed on Mar. 31. On that day, as noted before, a severe magnetic- 
storm began on the Earth, and the radiation detectors aboard Explorer 
VII showed drastic changes in the outer radiation belt. Also, cosmic-ray 


detectors on the Earth showed a Forbush decrease of the intensity. 
Pioneer V was then about 5 million kilometers away. The magnetic field 
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recorded by the probe, which had begun to increase late the previous day, 
suddenly jumped to about 40 gammas, and returned to the normal value 
after about 24 hr. 43 Simultaneously, Simpson’s telescope detected a 
Forbush-type decrease (Fig. 27). 44 Considerable solar activity occurred 
at the time. The following day, while the magnetic field was recovering 
to its original value and almost simultaneously with the appearance of a 
solar flare, both Simpson’s 44 and Winckler’s 45 radiation detectors revealed 
the arrival of high-energy protons and electrons (or photons), presumably 
produced by the second flare. 

These observations appear to confirm the existence of “magnetized 
plasma clouds” emitted by the Sun and traveling through space, to pro¬ 
duce, upon arrival on the Earth, magnetic storms and other geophysical 
effects. They also confirm Simpson’s previous conclusions that the mech¬ 
anism responsible for the Forbush decreases is not centered at the Earth. 

Energetic electrons were detected by Pioneer V in the absence of solar 
flares. At no time, however, was the flux of energetic electrons in outer 
space greater than 10 7 per cm 2 per sec, which may be compared with peak 
values of ~10 X1 per cm 2 per sec for the flux of trapped electrons in the 
outer radiation belt. This is further indication that the trapped electrons 
are produced by local accelerations, probably in the disordered fringes of 
the geomagnetic field, rather than by direct injection of solar plasma at 
the energies detected in the satellite counters. 46,46 

Simpson has discussed additional aspects of the correlation between 


FIG. 27. Measurements of mag¬ 
netic-field and energetic-particles 
flux made aboard Pioneer V during 
the magnetic storm of Mar. 31- 
Apr. 1, I960. (From J. Simpson, 

Phys. Rev. Letters, 5, 209, 1900.) 
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terrestrial events and the magnetic field and particle measurements on 
Pioneer V. 47 The magnetic storm and Forbush decrease of Mar. 31, 1960, 
were apparently produced by the class 2-f* flare which occurred between 
1455 and 1858 UT on Mar. 30. A second flare, of class 3, began on Apr. 1 
at 0845 UT and lasted until 1222 UT. At the time of occurrence of this 
flare, the plasma cloud emitted during the first flare had already enveloped 
both Pioneer V and the earth. From the response of Simpson’s detectors 
on Pioneer V it is clear that the second flare emitted an appreciable flux 
of solar protons with energies greater than 75 Mev. The fortuitous injec¬ 
tion of these energetic protons into the region of the previously emitted 
plasma cloud provides a means for testing the magnetic-field condition 
within the cloud. According to Leinbach, polar-cap absorption set in on 
Apr. 1 about 0945 UT, indicating that the transit time of the solar protons 
was approximately 1 hr. The direct transit time of a 100-Mev proton is 
18 min between Sun and Earth. Thus the magnetic fields in the plasma 
cloud produced by the first flare lengthened the transit time of the protons 
by approximately a factor of 3. It is significant that the solar protons, 
although somewhat delayed by their passage through the plasma cloud, 
still arrived with relative rapidity and in great numbers. From the 
observed transit time, Simpson concludes that either (1) the magnetic 
fields within the plasma cloud were disordered and very weak, and in 
this case he sets an upper limit of 0.5 gamma to the magnitude of a dis- 


Table 4. Instrumentation of Explorer VI 

A. Counter telescope, 5 g/cm 2 Pb shielding (Chicago) 

Coincidence rate measures N 0 of: 

Electrons, E > 13 Mev 
Protons, E > 75 Mev 
Single rate measures N 0 of: 

Electrons, E > 13 Mev 

Protons, E > 75 Mev 
X rays, E > 300 kev (low efficiency) 

B. G.M. counter, unshielded, wall 0.02" steel (Minnesota); counts: 

Electrons, E > 2 Mev 
Protons, E > 1G Mev 
X rays, E > 30 kev (low efficiency) 

C. Ionization chamber, unshielded, wall 0.02" Al (Minnesota) 

Detects: approximately same radiation as B 

D. Plastic scintillator, under 3 mg/cm 2 Al (S.T.L.); counts: 

Electrons, E > 200 kev 

Protons, E > 2 Mev 

X rays, E > 100 kev (low efficiency) 

E. Search coil magnetometer (S.T.L.) 

F. Micrometeorite detectors, TV camera to scan clouds, radio propagation experiment 
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ordered field which would correspond to a transit time of 1 hr, or (2) the 
field, if strong, must have connected the sun directly with the Earth in 
an approximately radial configuration. It may be noted that there is 
evidence for the second alternative over the first in that the flare on Mar. 
30 was accompanied by a Forbush decrease, signifying the presence of 
appreciable interplanetary magnetic fields. 
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THE NATURE OF GRAVITATION 

R. H. Dicke 


1. BASIC CONSIDERATIONS 

Gravitation, the oldest interaction with which man is familiar and 
the first to be described theoretically, is still but poorly known observa- 
tionally. Artificial Earth satellites and planets promise to provide a 
new impetus for research on the nature of the gravitational field. 

There has been very little fundamental experimental work done in the 
past fifty years. This appears to be due in large measure to three causes; 
(1) the difficulty of performing significant experiments; (2) the rush of 
competing interests and ideas brought on by the advent of quantum 
mechanics in the first quarter of this century and the belief that gravita¬ 
tion was too weak to be important for this work; (3) the widely recognized 
elegance and perfection of Einstein’s general relativity, which led many 
physicists to conclude that it must represent an established part of 
physics, hence no longer viable. 

Whatever the cause, this lack of experimental and observational work 
on gravitation has resulted in one of the most beautiful theoretical edifices 
of physics resting upon a very weak observational foundation. While 
the planetary observations are admittedly accurate, they are generally 
not accurate enough to exhibit the significant relativistic effects. This 
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is due to the weakness of the gravitational interaction, or equivalently 
to the low velocities of the planets. Retardation effects of the order of 
(v/c) 2 smaller than the interactions themselves are too small to be 
observed. 

2. THE THREE CLASSIC CHECKS 

The only relativistic effect connected with planetary motion which has 
been unquestionably observed is the perihelion rotation of the planet 
Mercury. Here, because of the very careful work of Clemence, 1 with a 
reasonable choice of assumed masses for the planets, it has been possible 
to account for the motion of Mercury, including the relativistic peri¬ 
helion rotation, with considerable accuracy. To what extent this choice 
of adopted masses would agree with the masses resulting from an accurate 
self-consistent treatment of the motion of the inner planets is not known 
because such a calculation has never been made. It seems likely, how¬ 
ever, that improved planetary calculations will result at most in a rela¬ 
tively small change in the relativistic precession. On the other hand, 
as will be explained later, small to moderate departures from the Einstein 
value are to be expected under certain interesting conditions. Hence it is 
important to obtain a very precise value for the relativistic precession. 

The other two standard astronomical checks of general relativity—the 
gravitational red shift and gravitational deflection of light—are rather 
poor. The early hope that more observations would result in greatly 
improved values for these important effects did not materialize. The 
gravitational red shift of light from the Sun appears to be badly obscured 
by Doppler shifts resulting from turbulence in the Sun's atmosphere. 
This effect is not yet quantitatively understood. Observations of white 
dwarfs are plagued by other troubles. 

The discovery by Mossbauer 2 that certain low-energy gamma rays 
could be produced without the usual Doppler-effect broadening of the 
spectral line made it possible to make a laboratory measurement of the 
gravitational red shift. Experiments by Cranshaw, Schriffer, and White- 
head 3 and Pound and Rebka 4 verified the result from general relativity 
with an accuracy of 10 per cent. 4 

The comparison of the clock rate of a satellite-borne atomic clock with a 
clock on the earth has been suggested also as a means of investigating 
the gravitational red shift. 
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3. POSSIBLE FUTURE DEVELOPMENTS 
3.1 Mach’s Principle 

The great need at present is for experiment and not theory, but theoreti¬ 
cal speculation is an important guide to experiment. For all its beauty 
and elegance there are a number of places where difficulties arise in 
general relativity. These difficulties range from highly technical ques¬ 
tions to straightforward physical and philosophical questions. 

One of the more knotty of these questions concerns Mach’s principle. 
The majority of physicists have long believed that completely empty 
space is without structure. The mathematical concepts of points, lines, 
geodesics, etc., are believed to be without physical parallel in a completely 
empty space. Physical concepts must be associated with physical 
objects. For this reason it is assumed that the geometrical properties 
of space should be determined uniquely by the matter in the space. The 
equations of general relativity are such that the geometry is determined 
only after boundary conditions are stated, and yet it has not been pos¬ 
sible to formulate completely satisfactory boundary conditions. Such 
boundary conditions would, for example, exclude solutions without 
matter present. 

Mach 5 long ago and, even earlier, Bishop Berkeley 6 recognized that 
from the standpoint of relativity and a structureless space, the very real 
and commonplace inertial forces which twist at a gyroscope in a rotating 
laboratory may be regarded as due to the revolution of distant matter 
about the stationary laboratory. Thus, generally speaking, inertial 
forces may be interpreted as the interaction of a gravitational field pro¬ 
duced by distant accelerated matter with matter in the laboratory. 7 
Mach’s point of view has been only partially incorporated into general 
relativity. 

A basic difference exists between the point of view of Mach and that 
of Einstein. In general relativity the gravitational constant is a uni¬ 
versal constant that determines the strength of gravity and the motion 
of gravitationally interacting matter. For Mach, however, the accelera¬ 
tions are determined by the distribution of matter without reference to 
the strength of the field. Thus, from Mach’s point of view, the Earth, 
accelerating toward the Sun but described in a coordinate system for 
which the Earth is at rest, is acted on by two balanced gravitational 
forces: the gravitational pull of the Sun and the gravitational pull of 
distant accelerated matter. If both forces are doubled as a result of all 
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gravitational forces doubling, the acceleration does not change. The 
acceleration is thus dependent upon the mass distribution only. 

For a simplified model of the universe it is easy to obtain an appropriate 
expression for the acceleration of the Earth toward the Sun. Assume 
that distant matter in the universe is in the form of a hollow spherical 
shell of mass M and radius R (both measured in atomic units) and that 
the Sun, of mass m « M, is at the center of the sphere. The Earth is 
at a distance r <$C R from the Sun. The acceleration of the Earth toward 
the Sun is known to be proportional to ra/V 2 ; it is assumed to depend 
also upon M, R, and c (assuming the velocity of light for the propagation 
velocity of gravitational waves). 

The unique expression for the acceleration compatible with elementary 
dimensional considerations is 


a = 


m Rc 2 

y V 2 'M 


(0 


where y is a dimensionless constant which may be assumed to be of the 
order of unity. From Newton, the acceleration may be written as 


a 



( 2 ) 


where G is the gravitational constant. Combining these equations gives 


Rc‘ 


= y 


(3) 


This suggests that G is not a universal “ constant ” but a function of 
M/R. Thus G is a field quantity determined by the distribution of 
distant matter. Equation (3) suggests that for a static distribution of 
matter the local value of G is given by 


G ~ 1 = y~ l 



p dx\ dx 2 dxz 
rc 2 


(4) 


where p is matter density. If this interpretation of Mach’s principle is 
correct, the contribution to G~ l at the Earth’s orbit due to the presence 
of the Sun is of the order of 1 part in 10 8 . 

The real Universe is not a vast spherical shell, but a more or less uni¬ 
form mass distribution with all parts moving away from each other (an 
expanding Universe). Because of the Doppler effect, light from distant 
parts of the Universe is reddened. Matter beyond a certain distance 
cannot be seen at all. Thus electromagnetic signals arrive from only a 
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finite part of the possibly infinite Universe. If gravitational waves 
propagate in similar fashion, the inertial forces are to be associated with 
this finite visible part of the Universe. The M and R in Eq. (3) may be 
interpreted loosely as the mass and radius of this visible Universe and in 
Eq. (4) p may be defined as an “effective” density. Because of the 
motion of distant matter, p would generally be a function of r. 

This interpretation of Mach’s principle leads to interesting possibilities: 
(1) Does the change with time of the mass M and radius R of the visible 
universe resulting from the general expansion lead to a change with time 
of the locally measured value of G? (2) Does the locally measured 
value of G change if we approach the Sun? (3) Does the locally measured 
value of G depend upon the velocity of the laboratory relative to distant 
matter? The distribution of distant matter appears to be changed by 
such motion. 

Another possible effect of this interpretation of inertial forces is that 
the lack of symmetry of the actual Universe (e.g., the pancake shape of 
the local galaxy) might lead to an anisotropy in the inertial reaction; 
i.e., the inertial mass of a particle could appear as a tensor rather than 
a scalar. This possibility has been discussed by Bondi. 8 Cocconi and 
Salpeter 9 suggested an experimental test for anisotropy. This was 
followed by other suggestions and experiments, the best of which was 
that of Hughes et al. 10 They were able to show that the type of anisot¬ 
ropy of inertial mass for which they were searching was less than 1 part 
in 10 20 . Because of its great precision, this result is important. It 
should be noted, however, that anisotropy of inertia is already included 
in the definition of the metric tensor, and the experiment does not test 
for anisotropy of inertia generally, but rather it asks whether the anisot¬ 
ropy is the same for all particles and fields in an atomic nucleus. Only a 
difference in anisotropy from one particle to another would produce a 
positive effect. 

3.2 Dirac Cosmology 

Many years ago Dirac 11 noted that, when expressed in typical atomic 
units such as the mass of the proton and classical radius of the electron, 
etc., the fundamental physical and astrophysical constants (now all 
dimensionless numbers) fall into distinct classes. Numbers are of the 
order of unity, of the order of 10 40 , or of the order of (10 40 ) 2 . In par¬ 
ticular, the reciprocal of the gravitational constant is of the order of 
10 40 , the age of the universe of the same order, and the mass of the uni¬ 
verse out to the Hubble radius is of the order of 10 80 . 

We define the Hubble radius of the Universe as the Hubble age of the 



96 


GRAVITY 


Universe times the velocity of light. It is of the same order of mag¬ 
nitude as the radius of the visible Universe. The Hubble age is defined 
as the age obtained by taking the distance of a galaxy and dividing by 
its velocity of recession as determined by the observations of red shift 
(for v « c). 

With the assumption that now is a random time , 12 the fact that there 
are several dimensionless numbers, all about the same size (i.e., 10 40 ) is 
probably not accidental. This in turn implies that the gravitational 
constant becomes weaker with time, varying inversely as the age of the 
Universe, and that the mass of the visible Universe increases with the 
square of the time. This mass increase is not the result of the spon¬ 
taneous creation of matter, as in the Hoyle-Gold-Bondi theory, but is 
due to the inward motion of matter relative to the expanding Hubble 
sphere. 

Being based on empirical evidence involving only orders of magnitude, 
Dirac's cosmology should not be interpreted too literally. Thus an 
equally satisfactory interpretation of the empirical data is obtained if 
one assumes that the fractional rate of change of G with time is inversely 
proportional to the Hubble age rather than true age of the Universe. 

Dirac's cosmology is compatible with Eq. (3) with 7 of the order of 
unity, where M and R are now interpreted as the mass and radius of the 
universe out to the Hubble radius. Thus, as the universe expands and 
M and R change, G changes in such a way as to keep Eq. (3) satisfied. 

3.3 Other Physical “Constants” 

Undoubtedly, a factor contributing to the very limited improvement 
of our knowledge of gravitation in the past fifty years has been the wide¬ 
spread feeling that gravitation was too weak an interaction to be impor¬ 
tant to the main stream of physics concerned with the structure of atoms 
first, then nuclei, and finally particles themselves. While questions of 
particle structure were important in the nineteenth century, such ques¬ 
tions were usually ignored as meaningless upon the advent of relativity 
and quantum mechanics. Only in the past ten years lias it become 
increasingly clear that an “elementary” particle like the proton is a 
complex structure with a distributed charge and magnetization. It 
may be thought of as surrounded by a host of attendant virtual particles 
in the form of photons, electron-positron pairs, and mesons. It has 
become clear that the gravitational interaction between these con¬ 
stituent parts may be important, and the reason for some of the diver¬ 
gences which plague quantum field theories may be the failure to include 
the gravitational interaction. 
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Landau 13 and his colleagues have shown that subject to their assump¬ 
tions, including strictly point interactions between particles, there results 
a zero electromagnetic coupling between charged particles. On the other 
hand, they show that if elementary particles are given a “size” of 
approximately a gravitational length 


^ o 



10~ 33 cm 


(5) 


the resulting renormalized electric charge of a particle e is in reasonable 
agreement with that observed. Landau 13 gives the following relation: 


er 


1 -h (2nci 2 /37rAc) log (A c /A fl j 


( 6 ) 


Here e\ is the “bare” electric charge, whereas e is the “renormalized” 
charge which is less than e h because of partial neutralization by the 
polarization charge of the “vacuum.” 


A c 


A 

me 


(7) 


is the Compton wavelength of the electron, n signifies the number of 
different kinds of charged particles which exist. In reckoning n, par¬ 
ticles ot spin H count as 1 but spin-zero particles count as If n is 
assumed to be 12 and e^jhc > 1, e 2 is found to agree closely with the 
observed value. 

If it is true that the renormalized elementary electric charge and par¬ 
ticle masses are affected by gravitation, then a variation in the local 
value of the gravitational constant might result in a variation of the fine- 
structure constant, and other coupling constants, possibly also in the 
dimensionless ratio of the mass of the proton to that of the electron or 
the mass of the mesons relative to that of the electron. Another possi¬ 
bility 14 is that the anomalous “weak interactions” leading to beta decay 
and the decay of “strange” particles should have a strength dependent 
in a sensitive way upon the local value of G. 

To what extent these physical constants can vary without contradicting 
experiments and to what extent a reasonable theory, incorporating such 
flexibility but remaining compatible with observations, can be constructed 
are not yet known. Admittedly, there is a strongly speculative character 
to the assumption that particle structure is dependent on position, 
time, or velocity. However, the hypothesis is sufficiently interesting 
that it should be remembered in discussing fundamental experiments on 
gravitation. 
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3.4 Theories of a Variable Gravitational Interaction 


It has been possible to construct theories which are generally covariant, 
incorporate the relativity principle, and lead to a variable gravitational 
interaction compatible with Mach’s principle. One of the first such 
satisfactory theories is that of Jordan. 15 Recognizing that a variable 
gravitational constant requires an extra degree of freedom, Jordan con¬ 
structed a five-dimensional gravitation theory having points of similarity 


to the theories of Klein and Kaluza. 16 In terms of physical content, this 
theory is equivalent to a scalar theory in which the metric tensor is 
supplemented by a scalar-field variable, both together comprising the 
gravitational field. The locally measured gravitational constant is then 
effectively a function of this scalar-field variable. 

Fierz 17 has shown that, by redefining the metric tensor, Jordan’s 
theory can be transformed into other forms. He has also shown that 
it is generally necessary to consider the direct effect of the scalar field on 
the motion of matter. It may be shown that for one of these forms par¬ 
ticles move gravitationally on geodesics and hence this theory is com¬ 
patible with the very precise Eotvos 18 experiment. C. Brans at Prince¬ 
ton has been investigating this form of Jordan’s theory. 

It is a common feature of the various forms of Jordan’s theory that 
the computed value of the Mercury perihelion rotation rate differs some¬ 
what from that of Einstein. The theory contains an adjustable con¬ 
stant, and the size of this constant affects the perihelion rotation rate. 
A departure from the Einstein value of a few per cent would be not 
unreasonable. 

It is not presently known if it is possible to construct along these lines 


a theory of a variable gravitational interaction which will give the Einstein 
value. In any case it is important to attempt to improve the accuracy 
of the observed relativistic perihelion rotation rate in order to help dis¬ 
tinguish between these various alternatives. 

The theory due to Milne, 19 developed a quarter of a century ago, 
should also be mentioned because it may have been the first to incor¬ 
porate different atomic and gravitational time scales. Some have found 
the conceptual basis of the theory objectionable as well as its conclusions. 

Milne postulated a universe populated by idealized “observers” who 
can signal each other with an idealized light signal whose velocity of 
propagation is by definition a constant c. The observers are furnished 
with identical interchangeable clocks and measure distances by the 
transit time of a reflected signal. Now, two independent and funda¬ 


mentally different classes of phenomena are available to the observers 
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as standards of time: ( 1 ) electromagnetic, as exemplified by atomic or 
molecular line frequencies (the “kinematic time ’ 7 1 of Milne’s terminology, 
now often called “atomic time”), and ( 2 ) mechanical-inertial, as exem¬ 
plified by a pendulum clock or the motion of a body in orbit (the “dynamic 
time” r of Milne, or, more popularly, “gravitational time”). 

Milne deduced that the two kinds of time measure are connected by 
the relation r = T[ 1 + In (t/T)] or its inverse t = T exp [(r/T) — 1 ], 
in which T is the “age of the universe” by the atomic clock. 


4. IMPLICATIONS OF A VARYING GRAVITATIONAL CONSTANT 

A varying gravitational constant would have important implications 
for both astronomers and geologists. Conversely, there is a possibility 
that geological and astronomical observations can be used to set upper 
bounds on possible variations in the gravitational constant. Implica¬ 
tions of a varying gravitational constant have been briefly discussed 
previously. 15 ’ 20 ' 21 Several important effects are described here, some 
for the first time, since they are of interest in connection with space 
exploration. 


4.1 Effects Associated with a Secular Variation of G 


For purposes of definiteness it is assumed that the age of the universe 
is 13 billion years and that Dirac’s hypothesis is valid; namely, the 
gravitational constant varies inversely as the age of the Universe. 
Other atomic constants (h,c,m,e) are defined or assumed to be fixed, 
and only the gravitational constant varies. This implies that angular 
momentum is a constant of motion with this set of units. 

a. Evolution Rate of the Stars. The radiation rate of a star varies 
with G as a power between 4 and 7, depending upon central tempera¬ 
ture . 22 For the Sun it would be expected that the radiation rate would 
vary approximately as G 7 . As long as the time scale used in discussing 
stellar evolution is internal, being based only on observations of stellar 
evolution, no discrepancy should appear. However, an intercomparison 
with other measures of time could lead to discrepancies. For example, 
if kinematical considerations were to be used to give an age of a cluster 
of galaxies and this age were to be compared with the age determined 
from calculations of stellar evolution , 23 a discrepancy might appear. 
However, kinematic considerations are usually unable to give a reliable 


estimate of age. Such discrepancies as have appeared probably have 
other explanations (see, for example, Oort’s discussion of motion and 
distribution of galaxies in the Virgo cluster 24 ). 
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Rapid evolution in the past and accompanying large radiation rates 
would be expected to result in large turbulence velocities in the gas con¬ 
tent of the Galaxy. This would in turn result in large random motions 
for stars formed out of the gas. A strong correlation between the age of 
a group of stars and the dispersion in their motions has been known for 
some time (Stromgren). However, there are other ways, independent 
of a possible variation in G, of obtaining early rapid evolution in the 
Galaxy, such as a possible tendency to form massive stars early in its 
history. 

Better information about the Sun, the solar system, and its age would 
be of considerable help in setting a limit on a secular variation in G. 
With the assumption that the present theories of stellar evolution are 
substantially correct, the observed stellar parameters—radiation rate, 
mass, and radius—permit, for a stellar model, a calculation of the total 
energy radiated in the Sun’s lifetime. An approximate age of the Sun 
is provided by meteorite ages (4.5 b.y.). Radiation rates in the past 
may consequently be inferred. The chief uncertainty in the calculation 
results from imperfect knowledge of the abundance of primordial helium 
in the Sun. Unfortunately, helium abundance cannot be determined 
spectroscopically with any reliability. If it can be assumed that this 
abundance is quite small (<K20 per cent), a radiation rate in the past 
compatible with Dirac’s postulate and a Hubble age greater than 10 b.y. 
is possible. 25 

The use of a satellite to determine the composition of the solar wind 
could greatly reduce the uncertainty in the helium abundance of the 
Sun. 

With the assumption that the gravitational constant is greater in the 
past, the stellar ages inferred from theories of stellar evolution would be 
incorrect and could give ages much too great. For example, the 15-b.y.- 
old stars discovered recently by Wilson 26 would be actually only 4.15 b.y. 
years old if G varied inversely as the age of the Universe, assumed to be 
15 b.y., and the rate of burning were proportional to G 1 . 

b. Temperature Variation of the Earth and Moon. With <7 decreasing 
in accordance with Dirac’s hypothesis, the maximum temperature of the 
Moon’s surface (assuming constant albedo) should have varied diversely 
as the age of the universe to the 2.25 power. This is plotted in Fig. 2. 
For the Earth it is only feasible to obtain a rough estimate of past tem¬ 
peratures. The water-vapor content of the Earth’s atmosphere is a 
very sensitive function of the Earth’s temperature. An increase in the 
Sun’s radiation rate would result in an increase in the water-vapor con¬ 
tent. This, in turn, would change the vertical temperature gradient. 
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the distribution of infrared radiators, the circulation pattern, and the 
albedo of the atmosphere. The effect of these atmospheric changes on 
the heat balance would result in a change in the surface temperature of 
the Earth. The sensitive temperature dependence of water-vapor 
pressure would tend either to stabilize the Earth’s temperature or to make 
it unstable. This can be seen without a detailed understanding of the 
complicated atmospheric mechanism. A calculation for a simple model 
of an atmosphere composed of 90 per cent water vapor suggests that the 
effect of water vapor is to stabilize the surface temperature. The curve 
for the Earth’s temperature shown in Fig. 2 is an estimate based on this 
calculation. It has no great reliability. 

For times in the past greater than some 3 billion years there would 
have been no liquid water, the whole atmosphere being essentially water 
vapor and optically opaque. The surface temperature of the Earth 
would have been high, probably in excess of 1000°C. The formation 
of sedimentary rocks would have awaited the condensation of this 
atmosphere. 

A point of considerable interest to the exploration of the Moon is 
whether or not there is evidence of high surface temperatures in the past. 
Such high surface temperature might be expected to lead to a variety 
of observable effects. It is conceivable that a higher average tempera¬ 
ture 3 to 4 billion years ago would have enabled an isostatic adjustment 
to take place in craters and mountains where the crust would be now too 
rigid. It would be interesting to inquire whether the tendency for old 
craters to be more shallow than young might be due to isostatic adjust¬ 
ment. The absence of central peaks from old craters might also be due 
to isostatic adjustment. Future exploration of the Moon might answer 
these questions. 

The over-all shape of the Moon, being flattened and having a bulge 
toward the Earth, does not now appear to be in isostatic adjustment. 
It may be that the average surface temperature was high enough in the 
past, when the Earth was closer, to allow a tidal adjustment to take place. 
This is a very old explanation of the bulge; it is possibly a fossil tidal 
distortion. The body tide would have damped the Moon’s rotation if 
rapid isostatic adjustment could occur. With a rigid Moon, tidal damp¬ 
ing of its rotation would not have occurred. 

Another question of considerable interest concerns the evolution of the 
planetary system. The noticeably different composition of the inner 
planets from the outer and the variation in density of the inner planets 
require explanation. II the solar radiation rate were very much greater 
in the past than now, it would be necessary to assume many other con- 



FIG. 1 . The southern portion of the moon at third quarter 
showing both old and young craters. Note vestigial remains of 
old craters in the highlands,, lava-flooded craters in the maria, 
and young craters in both regions. Lunar explorations may 
one day enable an unraveling of the thermal history of the 
Moon’s surface (see Fig. 2). (Courtesy Mt. Wilson and PcUomar 

Observatories.) 
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BILLION YEARS IN PAST 


PRESENT 


FIG. 2. Hypothetical past surface temperatures of the Earth 
and Moon under the following two assumptions: (1) that the 
Hubble expansion constant is 80 km per sec per megaparsec 
corresponding to a present age of 13 X 10 9 years; (2) that G 
decreases in such a way as to keep GM /Rc 2 constant during the 
expansion (Dirac’s hypothesis). 


ditions different also. Thus high-energy corpuscular streams from the 
Bun could have been so intense as to raise the exospheric temperature 
of the Earth and other planets to high values. This could in turn lead 
to noticeable evaporation of even the heavy elements in the atmosphere. 
Future explorations of other planets could shed new light on this problem. 

c. The Rotation Rate of the Earth. One obvious way in which a 
secular variation in G should show up is in a time variation of a comparison 
of atomic and gravitational measures of time. It will be seen later that 
there are satellite experiments which could assist in making this compari¬ 
son. For the moment the only source of information which compares 
these time scales is the Earth’s rotation. The Earth’s dimensions are 
determined largely by nongravitational forces, and its rotation is a meas¬ 
ure of atomic time. Fortunately, ancient information on solar eclipses 
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enables a comparison to be made between the revolution rate of the Moon 
and the rotation rate of the Earth over a long time interval. 

This type of investigation has a long and venerable history, but is even 
now not completely satisfactory. Secular accelerations of the Earth and 
Sun (the secular acceleration of the Sun is a measure of the Earth’s rota¬ 
tional acceleration) can be obtained from old eclipse observations, but 
are unreliable because they are strongly dependent upon a single ancient 
eclipse described in the following rather ambiguous prose: 

Isid-Raki-Rabe of the city of Gozon: “insurrection in the city of Assur. In 
the month of Sivan the Sun was eclipsed.” (Was it eclipsed at Assur? Was 
the eclipse total?) 

On the other hand, the whole situation is greatly improved if modern 
telescopic observations are used to obtain the secular acceleration of the 
Moon on an ephemeris time scale. To do this the effect of the irregularity 
in the Earth’s rotation must be eliminated by subtracting from the 
observed acceleration of the Moon the observed acceleration of the Sun 
multiplied by the ratio of their mean motions. The use of these modern 
telescopic observations of the secular acceleration of the Moon on an 
ephemeris time scale greatly reduces the burden placed on ancient 
eclipses. It is now necessary only that the ancient observations supply 
information in the form of a linear relation between the secular accelera¬ 
tion of the Sun and that of the Moon. The accuracy of these old observa¬ 
tions seems to be adequate for this purpose. By combining the ancient 
eclipse observations with modern telescopic observations it is possible to 
obtain a fair measure of both the secular acceleration of the Moon and 
the Sun, both on an ephemeris time scale. 27 

The acceleration of the Moon is due to tidal interactions with the 
Earth. Because of the conservation of angular momentum, the resulting 
change in the Earth’s rotation rate is completely predictable from the 
observed motion of the Moon. Other predictable changes in the Earth’s 
rotation rate are due to the solar tide (subject to reasonable assump¬ 
tions) and the solar atmospheric tide. After allowance is made for known 
effects, the remaining acceleration of the Earth (on a gravitational time 
scale) can be said to be due either to a changing gravitational constant or 
other unknown causes. 

The result of a detailed study by Munk and MacDonald 28 is that there 
is a residual acceleration of the Earth’s rotation. It. is of the right sign 
and roughly the right size to be accounted for by a secular variation in G. 
Unfortunately, there are several geophysical effects which could also 
produce this effect, or obscure it. In particular, a fall of sea level at a 
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rate of a meter per thousand years would decrease the moment of inertia 
of the Earth and increase the rotation rate by the right amount. Also 
the effect of interaction of the Earth’s magnetic field with interplanetary 
ionized gas is presently not well understood. It would tend to slow down 
the Earth in its rotation and compensate for the effect of a secular varia¬ 
tion in G. 

It must be concluded that at present there is little chance of obtaining 
reliable information concerning a secular variation in G from the Earth’s 
rotation. However, the uncertainties concerning the torque exerted 
by the interplanetary gas could be eliminated if there were good informa¬ 
tion about the interplanetary gas. Satellite observations may provide 
this information. 

d. Expansion of the Moon. A slowly decreasing gravitational con¬ 
stant (at a rate of about 1 part in 10 10 per year) would result in a release 
of the gravitational compression of the Moon. The radial expansion 
rate to be expected is roughly 0.1 per cent per billion years. This should 
result in the formation of surface cracks. Cracks (rills) are in fact known 
to exist on the Moon. The use of a large balloon or satellite-borne tele¬ 
scope could give greatly improved photographs of the Moon. Such 
cracks could some day be looked for on photographs taken from a nearby 
satellite. 

e. Expansion of the Earth. A decreasing gravitational constant would 
have resulted in a slow expansion of the Earth, the circumference increas¬ 
ing by 300 km in a billion years. 20 

Several geophysicists (Carey, 20 Wilson, 30 Egyed 31 ) have suggested that 
a number of puzzling features of the Earth’s topography are explained 
by an assumption that the Earth has been expanding with time. For 
example, the Mid-Atlantic ridge and the east and west coast lines of 
the Atlantic Ocean all have the same shape, suggesting that the medial 
crack in the Mid-Atlantic ridge is a separation crack and that the Atlan¬ 
tic Ocean was formed through the separation of the Americas from 
Europe-Africa. 

While this explanation may be correct, it is not clear that a general 
expansion of the Earth is required to cause such a separation. It could 
also be caused by convection in the mantle. Certainly it must be said 
that if continental drift has been occurring to the extent indicated by 
recent paleomagnetic data, the effects of an expansion of radius of 47 km 
per b.y. would be negligible. Also, the rate of expansion required by 
Egyed is ten to twenty times as great as this value. 

If subcrustal currents are not important, an expansion in radius of only 
0.0047 cm per year could produce a medial crack in the Atlantic 2 km wide 



106 


GRAVITY 



W120 W10O 0 W80 S20 W80 S40 W100 W120 W140 S40 


FIG. 3. Map showing the coast lines of the Americas and 
Europe-Africa in relation to the Mid-Atlantic ridge. (From 
W. S. Carey. 29 ) 


in only 13 m.y., assuming that half the expansion takes place in the 
Atlantic.* 

4.2 Velocity Dependence of Active Gravitational Mass 

The possibility that the active gravitational mass of a body depends 
upon its velocity relative to distant matter suggests an important satellite 
experiment to be discussed later. We here merely investigate the impli¬ 
cations of such a variation. 

The Universe may be reasonably assumed to be uniform and isotropic. 
By symmetry the active gravitational mass, and hence the gravitational 
constant, would be an even function of v/c, where v is the velocity of the 
laboratory relative to a coordinate system in which the universe is iso¬ 
tropic. Assuming continuity in the function and its derivatives, the 
fractional change in G resulting from motion relative to this coordinate 
system would be in lowest order: 



Here /3 is a dimensionless constant of the order of unity. It may be pre- 

* It is a pleasure to acknowledge a number of very helpful conversations with 
H. Hess on the geophysical questions discussed above. 
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sumed that 0 is either zero or satisfies 
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0.1 < | 0 | < 10 ( 9 ) 

The majority of physicists would bet that 0 is zero. This is not the type 
of question which can be adequately decided by a wager, however; 
experiments are needed. 

1 urely for purposes of discussion and with no suggestion that this 



FIG. 4. Map showing the fit between South America and Africa 
at the 2000-m isobath along the slope below the edge of the 
continental shelf. (From W. S. Carey. 20 ) 


108 


GRAVITY 


should be accepted, /? is for the moment assumed to satisfy Eq. (9). 
The velocity of the Sun relative to distant matter may be presumed from 
observations of extragalactic red shifts to lie in the range ± 300 km per 
sec. For a velocity of 300 km per sec, 0/c) 2 = 10~ 6 . It would appear 
to be rather unlikely that the component of the Sun’s velocity in the 
plane of the ecliptic is less than 30 km per sec. As the Earth moves about 
the Sun its velocity of 30 km per sec must first be added to, then 6 months 
later subtracted from, the Sun’s velocity. This would result in a frac¬ 
tional amplitude of the resulting variation in the active gravitational 
mass of the Earth (or locally measured value of G ) equal to 


8G 

G 



( 10 ) 


where v s refers to the Sun’s velocity in the plane of the ecliptic. From 
these remarks it is clear that the annual amplitude in the variation would 
be expected to fall in the range 

2 X 10" 9 <|<2X 10~ 6 (11) 


An annual fractional amplitude in G greater than 2 X 10~ 8 , as seen on 
the Earth, is not likely, for an anomaly would appear in the timekeeping 
of pendulum clocks. Hence a reasonable range of bG/G due to the 
Earth’s motion about the Sun is 

2 X 10~ 9 <^<2X 10- 8 (12) 


Because of the motion of the Sun about the Galaxy, there should be a 
variation of G seen in the solar system perhaps as large as 1 ppm, with a 
period of about 230 million years, if the velocity of the Galaxy relative to 
distant matter were several hundred kilometers per second. It is difficult 
to see how such a small effect could lead to anything significant in the 
solar system. However, it has been remarked occasionally that a period 
of about this length seems to appear in certain geological processes. 82 

a. Pendulum Clocks. A pendulum clock would indicate an annual 
variation in the active gravitational mass of the Earth. A statistical 
study of the record of the clocks in the Paris Observatory for the period 
January, 1951, to December, 1957, has shown that the annual variation 
in the gravitational acceleration is quite unlikely to be greater than 
0.04 ppm (amplitude 2 X 10 8 ). 

b. Moon’s Motion. Whereas the velocity-dependent interactions 
between planets are too small to lead to significant effects, satellite sys- 
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terns should exhibit the effect in the form of a periodic error in the longi¬ 
tude of the satellite. In the case of the earth, assuming that its active 
gravitational mass varies with an annual period and an amplitude of 
2 X 10~ 8 , the amplitude of the resulting annual error in the longitude of 
the Moon would be only 0''1 arc. It is presently impossible to exclude 
an annual error in longitude this small. 33 

An artificial satellite would allow a much better check for a velocity 
dependence. The short period and small size of the satellite make such 
a device particularly suitable. This will be discussed again later. 

c. Seasonal Variation in Earth’s Rotation Rate. An annual variation 
in the Earth’s rotation rate would result from an annual change in the 
active gravitational mass of the Earth, for the increased gravitational 
pull of the Earth on itself would produce a small change in radius with a 
corresponding change in rotation rate. The change in moment of inertia 
of the Earth and rotation rate was shown for a simple Earth model to 
depend upon G as 34 

— = - ~ = 0.13— (13) 

GO 1 tr 

Thus an annual variation in G of amplitude 

^=2X 10- 8 (14) 

(/ 

would result in an annual variation in rotation rate having an amplitude 

- = 2.6 X 10-» (15) 

CO 

The annual variation in the Earth’s rotation rate has a fractional ampli¬ 
tude of 4.5 X 10” 9 . 

This annual variation is usually assumed to be due to seasonal changes 
in the angular momentum of the Earth’s atmosphere. 35 From the availa¬ 
ble data it seems quite certain that the variation in atmospheric angular 
momentum does contribute much of the effect, but it is not believed to 
have been quantitatively verified that this is the only important con¬ 
tribution. The seasonal variations of the Northern and Southern 
Hemispheres are opposite and tend to cancel each other. The data for 
the Southern Hemisphere were taken from the Australian-New Zealand 
sector only. In view of the highly irregular circulation pattern for the 
Southern Hemisphere, 30 this approximation is believed to be inadequate. 
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4.3 Positional Variation of G 

If this phenomenon exists, its effects are less important to geophysicists. 
As discussed earlier, the gravitational constant would decrease if the 
Sun. were approached. The gravitational constant at distance r would 
be given by 

G ,- 1 = Go~' + 7 - £3 06) 

Here Go is the gravitational constant at great distance from the Sun. M s 
is the Sun’s mass, and y has the same meaning as in Eq. (4). 

With an orbital eccentricity of 0.017 and with 7 = 1 , the annual varia¬ 
tion of G at the Earth would have an amplitude of 

| = 1.8 X 10- 10 (17) 

An annual term of small amplitude in the longitude of an Earth satellite 
resulting from this effect should be no more difficult to detect than the 
effect due to a secular change in G. 

5. PROPOSALS FOR SATELLITE RESEARCH ON GRAVITATION 

A number of very interesting ways in which fundamental physical 
theory can be tested have suggested themselves to various investigators, 
among them G. M. Clemence (U.S. Naval Observatory), R. II. Dicke 
(Princeton), H. Lyons (Hughes Aircraft), J. M. Richardson and L. S. 
Taylor (National Bureau of Standards), M. Schwarzschild (Princeton), 
S. F. Singer (Maryland), C. H. Townes (Columbia), and Jerrold R, 
Zacharias (Massachusetts Institute of Technology). 

5.1 Secular Change in G 

It has been suggested by several people (including G. M. Clemence, 
M. Schwarzschild, and R. H. Dicke) that an artificial satellite would 
be an ideal vehicle to look for the secular variation in G discussed above. 
An intercomparison of the gravitational measure of time provided by 
the satellite with an atomic measure provided by an earth-bound atomic 
clock would serve to show the acceleration in the relatively short interval 
of a year. 

It would be necessary to reduce the atmospheric gas drag to low values. 
In order to achieve interplanetary gas levels, it may be necessary for the 
satellite height to exceed 2000 km. In addition, if there should be an 
anomalous drag associated with the Van Allen layers, it may be necessary 
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to go even higher or to take steps to avoid this drag. It would also be 
necessary to use a dense satellite to give a small drag-weight ratio. 

After all these steps, it still seems unlikely that the gas drag would be 
negligible, and a measure of this drag would be necessary. Observa¬ 
tions of two separate and independent parts of different density could 
be used to eliminate the effect of gas drag from the computed accelera¬ 
tion. To avoid difficulties with time variation, it may be necessary to 
keep the parts relatively close together. This seems to present no insur¬ 
mountable difficulty. 

M. Schwarzschild has suggested a very elegant solution to the gas-drag 
problem. The satellite would be surrounded by a hollow spherical shell 
which would eject servo-controlled gas jets to cause the outer shell to 
stay centered on the inner sphere. The inner sphere is now shielded 
from gas drag by the outer spherical shell. The chief difficulty with this 
proposal seems to be its complexity. There may also be difficulty in 
eliminating residual forces between the inner and outer sphere. 

The problem of the precision tracking of a long-lived satellite for 
gravitation experiments has been discussed by G. M. Clemence and also 
more recently by Hoffmann, Krotkov, and Dicke 37 (see also Chap. 5). 
The latter group finds that a small “orange peel” satellite can be photo¬ 
graphed directly at 2000 km with a relatively small telescope tracking 
the stars. They also find that the illumination of a corner reflector by a 
pulsed searchlight would give much more light at this altitude, and also 
enable the satellite to be observed in the Earth’s shadow. 

Concerning the optimum orbit: it should be high enough to be relatively 
free from atmospheric-drag effects and factors involving the shape of the 
Earth, but not so high as to be subject to large perturbations by the 
Moon or the Sun; it should have low eccentricity in order to minimize 
the effects of perturbations (which increase with eccentricity) and thus 
to simplify their calculation; it should have a moderate inclination, 
enough to be readily observable from a large number of stations in 
temperate latitudes, but not as great as C0° where certain computational 
difficulties reach a maximum. It is to be hoped that perturbations pro¬ 
duced by the higher harmonics of the Earth’s gravitational field do not 
produce large resonance effects which would be difficult to handle, as 
some geodesists believe. A polar orbit would also be desirable, as factors 
involving the Earth’s figure would then average out. 

The gravitational clock, which by international agreement furnishes 
the fundamental standard of time, is the motion of the Earth around the 
Sun. In practice, the motion of the Moon furnishes a more precise and 
readily available reference on account of its relatively fast angular motion 
across the background of stars. These advantages—fast motion and 
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ease of reference to the coordinate system—will prevail a fortiori in the 
case of an artificial satellite. 

If the age of the Universe is taken to be 10 10 years, then the gain of 
atomic over inertial time will be 1 part in 10 10 in 1 year. If the atomic 
standard is reliable over long periods (months) to 1 part in 10 ll , as it is 
hoped, and if the satellite period can be determined to 1 part in 10 11 in, 
say, 1 year (an accuracy that appears to be attainable through the use 
of the most refined modern techniques; see Chap. 5), then the effect of a 
time-varying gravitational constant should be readily detectable. 

5.2 Velocity Dependence of G 

It was proposed (It. H. Dicke) that an artificial Earth satellite could 
be used to investigate the velocity dependence of gravitation discussed 
above. The requirements are similar to those of the previous section 
but much less severe. Inasmuch as a velocity dependence, if it exists, 
is expected to have an annual amplitude greater than 1 part in 10 9 , it is 
probable that an independent measure of gas drag would not be neces¬ 
sary. Thus this experiment, while probably less likely to give a positive 
result, is considerably simpler and could be tried before one on the secular 
variation. A negative result for an experiment of this type is just as 
valuable as a positive result, for it serves to define the terms within 
which a theory must be constructed. 

More reliable measurements of the Moon’s position could be used to 
give information on both the secular variation and velocity dependence. 
It is conceivable that three well-defined bright spots placed on the Moon 
artificially could be used to improve the quality of these observations. 
Small corner reflectors, beads, or reflecting films could be used for fiducial 
marks. On the other hand, some of the natural markings on the Moon’s 
surface may already define positions sufficiently independent of lighting 
to make artificial marks unnecessary. 

5.3 Positional Variation in G 

A satellite experiment designed to look for a variation with gravita¬ 
tional potential of G is virtually identical with that described in the 
above two paragraphs. However, the expected effect is now so much 
smaller that all the precautions necessary for an experiment on the secular 
variation are again needed. 


5.4 Dragging of the Inertial Frame 

It has been suggested that the effect of the rotating Earth in dragging 
around with it inertial coordinate systems could be best measured by 
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putting a satellite accurately over the Earth’s pole. The effect of the 
Earth’s rotation, according to general relativity, causes the plane of the 
orbit to rotate around with it. The predicted angular rotation rate of 
the plane of the orbit is 


1 Gm e r a 2 

2 c 2 r r 


(18) 


Here is the angular velocity of the Earth, r g its radius of gyration, and 
r the radius of the satellite orbit. For a satellite at a height of 2000 km, 
this rotation is only about 0'f05 arc per year in the plane of the equator. 
While this should be observable, there are very serious doubts concerning 
the possibility of eliminating, in the calculations, the effect of disturb¬ 
ances. The effect of field irregularities due to an irregular Earth would 
average out for an orbit accurately over the Earth’s pole. However, 
it may not be possible, using presently available techniques, to put a 
satellite orbit over the poles with sufficient precision. 

5.5 Relativistic Advance of the Line of Apsides 

This has been suggested by a number of investigators. The effect 
has already been well established in the case of Mercury’s orbit. It 
would be interesting to put a satellite into orbit with long semimajor axis 
and eccentricity near unity in order to maximize this effect. The severe 
difficulty which may make the experiment impractical will lie in calculat¬ 
ing and eliminating the terms in the advance of perigee produced by 
ordinary perturbations, such as those due to atmospheric drag, the oblate¬ 
ness and higher-order harmonics, or, if you like, plain irregularities in the 
Earth’s gravitational field, and the pull of the Sun and Moon (which 
become appreciable for sufficiently elongated orbits). Aside from the 
special orbit demanded by this experiment, the requirements are closely 
similar to those for the other experiments described so far. 

Another possible approach to this problem has been suggested (R. H. 
Dicke). An artificial planet carrying high-frequency pulse-transponding 
equipment could be used to give continuous, accurate information for 
the distance between the Earth and the artificial planet. This informa¬ 
tion could be made to be accurate to a few meters based on an atomic 
time scale of length (M. Golay, 1958, suggested CW oscillator equip¬ 
ment). Relatively little power would be required. Such an artificial 
planet traveling in an eccentric orbit could add new dimensions and new 
standards of accuracy to planetary orbit theory, and it might help clear 
up the discrepancy between the dynamical value of the solar parallax 38 
and the value recently obtained from Venus radar echoes. 39 The planet 
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could, for example, be used to obtain better information about the masses 
of the inner planets and hence, indirectly, a more reliable value for the 
relativistic rotation of the perihelion of Mercury. What really seems 
to be required is a thoroughly self-consistent treatment of the whole 
system of inner planets. It could itself supply a value for the perihelion 
rotation. It would also supply very precise knowledge of the Earth’s 
orbit. 

5.6 The Gravitational Red-shift Experiment 

The general theory of relativity predicts that the frequency of any 
periodic phenomenon varies with the gravitational potential of the point 
where the phenomenon takes place. The experiment designed to meas¬ 
ure this effect directly has been named after the red shift of the absorption 
lines in the spectra of stars with strong gravitational fields. This shift 
has been observed with low precision in the atmospheres of white dwarf 
stars that are members of binary systems, where the two spectra enable 
the astronomer to separate velocity and gravitational shifts. It has 
been suspected in the case of massive O-type stars and of the Sun. 
Astronomers pretty much concur that a general-relativistic explanation 
is the correct one; the chief area of dispute arises from the lack of precision 
of the astronomical observations. 

A number of people, notably Zacharias (MIT), Lyons (Hughes Air¬ 
craft), Richardson and Taylor (NBS), and Townes (Columbia Uni¬ 
versity), have suggested the possibility of installing a precise atomically 
or molecularly controlled clock in a satellite and, after it has been placed 
in an orbit of high gravitational potential energy, of then comparing its 
frequency with that of an identical clock on the ground. The red shift 
is of the order M/R ; in relativistic units where c — 1 and (7=1, this 
relation yields a predicted shift df/f of 7 X 10 -10 at the surface of the 
Earth compared with a clock at R = °° and correspondingly less com¬ 
pared with clocks in a finite orbit. (In the foregoing, M — effective 
mass, R = distance from center of.potential field, f = frequency.) The 
detection of so small an effect obviously requires a clock whose frequency 
stability is reliable to an order of magnitude higher (say, 1 part in 10 11 ) 
and for moderate lengths of time. This is just about the accuracy 
claimed for the best experimental clocks today under laboratory condi¬ 
tions. The chief problem here is one of development: the insurance of 
reliability under other than laboratory conditions, and instrumentation 
for compactness of volume and weight. 

In this experiment, the orbit should be large in order to achieve the 
greatest possible potential difference from the ground. The smaller 
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resulting velocity would also minimize the special-relativistic time dilata¬ 
tion discussed in Sec. 5.7 below. A circular orbit would have the advan¬ 
tage that the time difference between the two clocks can be allowed to 
accumulate without having to integrate over a range of potentials. On 
the other hand, if some means can be devised for accurately comparing 
the clock frequencies by samples of very short time duration, then an 
eccentric orbit will allow the experimenter to sample the expected red 
shift over a range of potentials (National Bureau of Standards proposal). 

It was also suggested by J. Zacharias’ group that the experiment could 
he done with only a crystal oscillator in a satellite moving in an eccentric 
orbit. The red shift would result in a detectable frequency modulation 
of the oscillator. 

All the various atomic clock systems presently under development have 
been suggested. Zacharias proposed that a cesium beam clock similar to 
the Atomochron could be designed to be light enough for a satellite 
experiment. The Bureau of Standards proposed that the rubidium- 
vapor-gas cell clock under development by P. Bender be used for such 
experiments. Townes, Lyons, and Richardson all proposed the use of an 
ammonia maser. 

Each of these clocks has something to be said both for and against it. 
The cesium beam device can probably be made to weigh 100 lb or less, 
but there is no way of making the beam tube short without hurting the 
performance of the device. On the other hand, it is the only one of the 
three clocks for which there is a considerable body of experience. 

The ammonia maser has the advantage of being very simple in prin¬ 
ciple. On the other hand, the line width of the fundamental ammonia 
resonance is very much broader than that of the other two “clocks.” 
The result is that the clock frequency is easily pulled by various effects 
such as cavity tuning and beam loading. With present techniques, a 
stability of about 1 part on 10 10 has been achieved. 

The rubidium clock, based on work by T. R. Carver, M. Arditi, J. P. 
Wittke, and P. Bender, has much to be said for it in terms of intrinsic 
simplicity and accuracy. Its intrinsic line width is less than that of the 
Atomochron. The clock employs the “buffer gas” technique 40 to elimi¬ 
nate the Doppler broadening. This leads to a small “pressure shift” 
of the resonance frequency, which is a possible source of future trouble. 
It is believed that the gas in a properly baked out gas bulb will be suffi¬ 
ciently stable in its composition and density to give a stable resonance 
frequency. This has not yet been demonstrated, however. It is to be 
hoped that in a year or two one of the three basic techniques will be seen 
to be clearly the best approach to a “clock” in space. 
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If the gravitational red shift were to be measured with considerable 
precision, it might be used to help decide if the fine-structure “constant” 
is actually constant. Any departure of the observed red shift from the 
expected value might be interpreted as due to a change in some one or 
more of the nongravitational dimensionless atomic constants. 

5.7 Velocity-dependent Time Dilatation of Special Relativity 

This experiment, suggested by a number of investigators (Lyons, 
Zacharias, and others), envisions a direct check on the Loren tz trans¬ 
formation of time measurements obtained in two relatively moving 
coordinate systems. From the standpoint of instrumentation, this experi¬ 
ment might be grouped with experiment 5.6 above, in that it also requires 
that a satellite-borne clock of the highest available precision be compared 
with an identical clock on the ground. A velocity of 7 km per sec, cor¬ 
responding to a small orbit, would produce a frequency shift df/f of about 
3 X 10~ 10 . Higher velocities can of course be achieved in very eccen¬ 
tric orbits. Furthermore, if some means of comparing the frequency of 
the two clocks over short intervals could be found (see preceding Sec. 
5.6), an eccentric orbit would permit measurement of the effect as a func¬ 
tion of the velocity. 

It goes without saying that time dilatation (decreasing with height) 
and gravitational frequency shift (increasing with height) will both occur 
in both experiments; it remains to consider the best way of separating 
them. If only the accumulated difference between the clocks can be 
measured, then the most feasible way of handling this question seems to 
be to launch the satellite in the highest reasonable orbit, where the gravi¬ 
tational shift will predominate, but also make it eccentric so that the 
drag forces near perigee will shrink the orbit over a reasonably short time, 
say, 2 years, so that as the orbit becomes smaller, the time dilatation will 
increasingly dominate. 

It is also obvious that, in making frequency comparisons between the 
clocks, especially over short time bases (nonaccumulative), great care 
will be needed in eliminating Doppler shifts, ionospheric distortions of 
the signal path, etc. This problem is not severe, however, if only time 
signals are generated, i.e., long-term averages are measured. 

5.8 Experiments to Measure the Velocity of Electromagnetic Radiation as 
a Function of Frequency 

It was suggested that artificial satellites would be useful in this field 
in that they provide the possibility of putting either a controlled source 
of broad-band radiation at an appreciable distance from the detectors, 
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or vice versa. Since broad-band sources of intermittent radiation exist 
in nature, e.g., eclipsing binaries with a hot component, novae and 
supernovae, etc., experiments of this type will probably not be attempted 
with artificial sources unless the natural sources prove inadequate. 
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KNOWLEDGE OF THE EARTH 

FROM SPACE 

Harrison Brown 


About 4,500 million years ago a series of events took place which led 
to the formation of our Earth together with the other planets of the solar 
system. In spite of the fact that scientists have been studying the Earth 
intensively for many years, the processes involved in the formation, the 
subsequent evolution to its present form, and many of the processes now 
taking place beneath, on, and above its surface are but poorly understood. 

Until recently man has been confined to the Earth’s surface, with the 
result that the types of observation which he has been able to make have 
been severely limited. The airplane liberated him to some extent and 
made possible a variety of photographic and meteorological measure¬ 
ments. High-altitude rockets increased further his capabilities for 
measurement. But the development of satellites and space probes 
without question is adding a new dimension to his capabilities. It seems 
likely that in the years ahead we shall learn more about the Earth by 
leaving it than by remaining on it. 

One of the areas of greatest potential yield of new knowledge will be 
that of the exploration of the Moon and planets. By studying their 
physical features, tectonic activities, magnetic fields, and chemistries, 
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we shall be able to learn a great deal more than we know now about the 
forces which operate on and within the Earth itself and of the processes 
which led to its formation. These particular aspects of the problem of 
earth formation are discussed in Chaps. 9 and 10 on the Moon and planets. 
In this chapter we shall confine ourselves to a discussion of the tremendous 
potentialities which the coming of artificial satellites has opened for the 
scientific investigation of the Earth’s solid body (geodesy), its lower 
atmosphere (meteorology), and upper atmosphere. For a similar dis¬ 
cussion of the geomagnetic field and its interaction with the particle 
radiation impinging on the Earth, the reader is referred to Chaps. 11-16, 
Fields and Particles in Space. 

To some extent, the new observations that satellites make possible are 
extensions of classical procedures. But they have also made feasible 
observations of a kind which have simply not been possible until now. 

There are many questions concerning the Earth which satellites can 
help us answer. They can enable us to determine more exactly the size 
and shape of the Earth. In principle, sufficiently exact data can be 
obtained to enable us to say whether the Earth’s figure can best be 
described as a spheroid, a triaxial ellipsoid, or perhaps by a figure in which 
the higher-order spherical harmonies are not negligible. The detailed 
lumpiness of the geoid can be measured as a function of latitude and longi¬ 
tude. The Earth’s parameters can be measured as a function of time 
with the end in view of determining their stability. It is possible that 
such measurements can shed light on the Earth’s elastic and plastic 
properties, upon the true causes of the seasonal variation in the rate of 
rotation, and of the currently unpredictable terms in the rotation rate. 

Measurements of the Earth’s magnetic field from satellites can help 
us understand its nature. If it is induced by currents, what is its mecha¬ 
nism? What are the causes of its secular variation, of its quasi-periodic 
variations, of the detailed irregularities? Flow is the magnetic field 
affected by interaction with external fields and by streams of charged 
particles? 

Similarly, the Earth’s electrostatic field can be studied, with the end in 
mind of determining the Earth’s capacity and the magnitude and origin 
of its electric charge. 

Artificial satellites can greatly increase our understanding of the 
Earth’s atmosphere. Whereas today our synoptic atmospheric maps 
must be laboriously pieced together and are available only for limited 
areas, in the future it should be possible to obtain automatically a con¬ 
tinuous series of synoptic charts covering the entire Earth. Measure¬ 
ments of energy balance can help us determine the energy content of 
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volume elements of the atmosphere (small compared with the Earth) as 
a function of height and geographical coordinates, the detailed schedule of 
input and output of various forms of energy in these elements, and their 
variation with time. From such measurements we can perhaps learn in 
detail how these functions are affected by fluctuations in solar radiation 
at various wavelengths, by radiation from the ground, by neighboring 
regions of the atmosphere, and by mechanical agencies such as Coriolis 
forces, convection, and horizontal pressure gradients. The decay or 
relaxation time of departures from equilibrium can be determined. 

The atmosphere can be regarded as a gaseous shell through which 
radiation of differing spectral and time distributions Alters from below and 
above, which absorbs and reemits, which is subjected to bombardment by 
a variety of particles with their own time, space, and velocity distribu¬ 
tions, the whole being subjected to the forces of the gravitational and 
electromagnetic fields. Satellites can help us determine the resulting 
density, temperature, composition, the degree of molecular dissociation, 
the degree of ionization and excitation, all as a function of height, geo¬ 
graphical position, and time. 

There are many additional questions concerning our atmosphere which 
measurements from satellites might help us answer. 

To what extent may we regard the Earth’s atmosphere as a particular 
member of an infinite family of gaseous envelopes of astronomical bodies, 
including those of other planets and stars, whose properties differ more 
or less widely from those of the Earth’s atmosphere, depending on differ¬ 
ences or similarities of the governing factors such as radiation or gravity? 
In particular, to what extent can we refine our notions about the atmos¬ 
pheres of other planets, depending on our findings about our own? 

Is it possible to detect any secular changes in our atmosphere? Is the 
atmosphere slowly accreting material from space? If so, what material 
and in what amounts? Is the velocity distribution of this material such 
that we would infer that it is part of a “solar cloud” or interstellar 
matter? At what rate is the atmosphere losing material by escape to 
space? Is it gaining material by net gains of evaporation and sublima¬ 
tion from the ground, or by production of gases, or release of trapped 
gases? To what extent is it simply a residue of a hypothetical primordial 
atmosphere? 

Rockets and satellites can help us learn more about the boundary 
region in which the Earth’s atmosphere blends into the near vacuum of 
outer space. The possibility that weather in the troposphere may in 
some way be affected by changes occurring in the ionosphere can be 
investigated. Meteors, noctilucent clouds, aurorae, and nighttime air- 
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SOME ASPECTS OF GEODESY 

George P. Woo Hard 


1. BACKGROUND 


Geodesy is primarily concerned with measuring the size and shape 
of the Earth and deducing from these parameters some facts about the 
physical structure of the Earth. In principle, the aim of determining 
its size and shape might be achieved by measuring, with the highest 
possible precision, the angles and a few chosen sides (“base linesin 
a closed geodetic triangulation net connecting selected points all over the 
Earth’s surface. If this could actually be carried out, the positions of 
the survey points could be represented with three-dimensional coordinates 
in a quite arbitrary geometric system. One would thus have mapped 
selected points of the Earth’s surface as a many-faceted polygon approxi¬ 
mating a spheroidal figure. The points of the figure are, of course, not 
necessarily at the same level. 

The word “level ” introduces a new complication. It implies the exist¬ 
ence of a reference figure whose surface is all “at the same level,” that 
is, one which is everywhere orthogonal to the force field (the force in the 
present instance being the vector sum of gravity and the inertial force 
arising from the Earth’s rotation). As Heiskanen and Veiling Meinesz 1 
suggest, the history of geodesy can be divided into periods according to 
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the figure of reference which was in use: a “spherical” era dating from 
the famous experiment of Eratosthenes in the third century b.c., an 
“ellipsoidal” era beginning with Newton and the French geodesists 
from Picard to Maupertuis, merging finally with the “geoidal” era of 

this century. 

The geoid is simple in concept: It is the equipotential surface at mean 
sea level. It is a somewhat wavy, lumpy surface that quite closely 
approximates an ellipsoid, deviating from it probably not more than 50m 
upward or downward. The ellipsoid in turn is very nearly the equilib¬ 
rium figure of a rotating body. (The terms “spheroid” and ellipsoid 
are used quite interchangeably except in those contexts where it is neces¬ 
sary to distinguish the equilibrium figure from a true geometric ellipsoid: 
then “spheroid” is reserved for the equilibrium figure.) The location of 
the geoid is most often specified by its height N above or*below the ellip¬ 
soid as a function of spherical coordinates (latitude <p and longitude X). 
Although the ellipsoid has been superseded as a standard equipotential 
surface, it is still holding its own as a geometrical surface of reference or 

datum. 

Although the geoid is simple in concept and although you can actually 
see it at the seashore, it is another matter to determine its actual location 
with respect to the ellipsoid (or some coordinate system) in mid-ocean, 
with no triangulation points in sight, or to trace its position under the 
surface of continents. In order to locate rigorously any of the equi¬ 
potential surfaces, of which the geoid is a special case, if is necessary, to 
know the value of either the potential or the vector acceleration of gravity 
at every point. The potential cannot be directly measured at a given 

point P, but is derived by evaluating the line integral J Q g ds of the 

gravity vector field g(r,<p,\) from some arbitrary starting point 0 to the 
point P. Geodesists cannot actually measure the function g(r,<p,\) 
everywhere, but they can sample it. The sampling is of two kinds: 
deflections of the vertical and gravity anomalies, which are the departure 
of g, respectively, in direction and magnitude from its spheroidal value. 

A sufficiently dense sampling would afford the possibility of deriving 
unambiguous equipotential surfaces. But now two other questions arise. 
The first concerns the specification of the reference ellipsoid or datum. 
There have been quite a number of standard ellipsoids in use, some of 
them based on the best fit to only a limited region of the Earth’s surface. 
If the region in question is on a hump or depression of the geoid, the datum 
fitted to it might be quite different from a world datum. The relation 
between datums in contiguous areas is not difficult to derive by over- 
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lapping triangulation, but those used on different continents can be con¬ 
nected only by bridging the intervening ocean by some other means. 

The second question concerns the derivation of the geoid height 
from a miscellany of deflections of the vertical and gravitational anomalies. 
Anomalies are measured with some sort of gravimeter (special pendulums, 
etc.) which can be carried almost anywhere. Deflections of the vertical 
require an intercomparison of station coordinates determined astro¬ 
nomically by the direction in space of the local true vertical (geoidal 
coordinates) with station coordinates determined geodetically from arc 
lengths in a triangulation net (ellipsoidal coordinates). This latter 
procedure is evidently a much more laborious one, which incidentally 
can only be carried out on land, so it is not surprising that the gravity 
data are much more extensive and dense (numerous per unit area) than 
the deflection data. Before the gravity data can be used, however, they 
must be reduced to some comparable basis. For example, if an observa¬ 
tion has been obtained at an elevated site, it must be corrected for the 
fact that it is farther from the center of the Earth (free-air reduction), 
for the mass of the elevated ground underfoot (Bouguer reduction), for 
the mass of the surrounding higher terrain, if any (terrain correction), 
and for the less-than-average attraction of the low-density roots of moun¬ 
tains in the immediate neighborhood, if any (isostatic reduction). In 
the derivation of the geoid, there is, furthermore, a slight diversity of 
treatment of the mass of those parts of the Earth’s crust that project 
above the geoid. 

The potential of which the geoid is an equipotential surface is the geo¬ 
potential W, which is the sum of the purely gravitational potential 
U(r,9,\) and a rotational term: 

W(r,e,\) = U(r,e,\) + fa 2 + 2 ?/ 2 K 


In this expression 9 is the colatitude 90° — <p, and o> is the Earth’s angular 
velocity. The geopotential W is thus appropriate to a coordinate system 
rotating with the Earth and hence for geodesy; the purely gravitational 
potential U is appropriate to inertial coordinates and hence for satellite 
orbits. It is convenient to represent both of these analytically as the 
sum of a series of spherical-harmonic, terms, which are in the most general 
case functions of the polar coordinates r, 9, and X: 


r/(r,0,\) 

G 


00 n 
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in which. G = constant of gravitation and M — mass of the Earth; m 
and n non-negative integers such that °° ^ n ^ m ;> 0; the /V'*( cos 0 ) 
are the Legendre polynomials when m = 0 and the associated Legendre 
polynomials when m ^ 1; A mn and B mn are numerical coefficients which 
are equivalent to the amplitude of the harmonics and can be evaluated 
in several ways. This most general expression for U is evidently a func¬ 
tion containing (1) pure zonal harmonics when ra = 0, which change sign 
n times from North to South Pole (0 < 0 ^ tt) and (2) tesseral harmonics, 
which alternate sign checkerboard-fashion in spherical rectangles bounded 
on the north and south by the n — m zeros of the (m,n)th zonal har¬ 
monics and on the east and west by meridians spaced 2ir/m apart. 

Since the acceleration of gravity g in inertial coordinates is V U and in 
rotating coordinates is VW, it can also be expressed in spherical harmonics. 

In the case of a figure of revolution, the function describing it must be 
independent of X, so that the tesseral harmonics vanish (m = 0, A o„ ^ 0, 
and all other coefficients A mn = B mn = 0) and only zonal harmonics 
remain. Furthermore, if the Earth is assumed to be in equilibrium with 
only gravity and centrifugal force, its figure and potential must be sym¬ 
metrical about the equatorial plane, which requires the unsymmetrical 
odd-order zonal harmonics to vanish. Both of these simplifying assump¬ 
tions have been frequently made, although without sufficiently strict 
justification. 

The analytical expression of U in spherical harmonics has great utility 
in that (together with certain simplifying assumptions) it makes possible 
the integration of the equations of motion of a satellite in closed form 
(Brouwer, Sterne, Garfinkel, King-Hele, and a number of others 2-5 ). 
The resulting orbital elements become functions of the time and of the 
amplitudes A m7l , B mn , which can then be evaluated from the orbital data. 
These amplitudes in turn yield information on the structure of the Earth’s 
gravitational field and hence its mass distribution. 

It is evident that W = constant is the form of the equation for the 
geoid. If enough spherical-harmonic terms are kept, it would be possible 
to represent analytically every bump and dent of the geoid, 6 analogously 
to the Fourier-series representation of function of a single variable of 
period 2ir. The utility or applicability of this procedure is not so appar¬ 
ent as in the case of the potential U in satellite orbit theory, or as against 
a simple mapping of the geoid as an empirical function of 6 and X. On 
the other hand, any coefficients A mn and B mn evaluated by orbit perturba¬ 
tions or resonances are immediately available for expressing the amplitude 
of the undulations of the geoid, if desirable. 
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The lower-order harmonics have simple physical or geometrical 
meanings which are worth glancing at. Some of them are summarized 
in Table 1. The reader who wishes to pursue these questions in greater 
detail is referred to Jeffreys (Ref. 7, especially chap. 4) and to Heiskanen 
and Vening Meinesz. 1 The curves for the harmonic functions are most 
readily available in Jahnke and Emde. 8 


Table 1 


Order n ; principal period 
(T — ‘2ir/n ); and type 
of harmonic 


Significance of term 


n. = 0 ; period — oo ; 
zonal 


Amplitude d. 0 o — constant. For the geoid it corresponds 
to R, mean value of the Earth’s radius. 


n = 1 , m = 0; T = 2 tt 
in latitude <p; zonal 


n > 1 , m — 1; T — 2tt 
in longitude X; 
tesseral* 

n = 2 , m = 0 ; T = tt in 
latitude <p ; zonal 


n = 2 , m — 2; T = tt in 
both <pand X; tesseral* 
n — 3, m = 0 ; T = 2tt/ 3 
in <p ; zonal f 


Amplitude = 0 , unless the origin of coordinates does not 
coincide with the center of attraction. It is usually placed 
there by definition, in which case the presence of first-order 
harmonics may be said to be “forbidden.” 

Amplitude = 0 , unless the displacement of the origin from 
the center of attraction (if any) has a component per¬ 
pendicular to the polar axis. But see last entry. 

This term corresponds to the flattening / = (a — b) fa, 
where a and b are the semimajor and semiminor axes of 
meridian sections of the ellipsoid. The poles are approxi¬ 
mately 2fR/3 below the mean sphere of radius R, and the 
equator is approximately fR/3 above it, corresponding to 
P 2 (cos 9) = H-l at 6 = 0° and P^(cos 6 ) = —0.5 at 
9 — 90°. / = ^97 from geodetic surveys but can be 
evaluated independently from orbital data. 

Amplitude = 0 , unless the Earth is triaxial, which is 
possible. 

This harmonic is the “pear-shaped” component of O’Keefe, 
Eckels, and Squires ; 0 their results indicate that the North 
Pole is 15 m above and the South Pole 15 m below the 
ellipsoid, with the amplitude at latitudes ±26?5 about 


-F 0.5 this amount. 


* Tesseral harmonics with m = n are sometimes called sectorial. 
f Zonal harmonics of odd order are uasymmetrical with respect to the equatorial 
plane. Therefore they are usually arbitrarily excluded, on the grounds that they 
cannot arise from purely gravitational and centrifugal forces. Their presence or the 
presence of tesseral harmonics, if real, indicates the presence of other, static forces in 
the Earth’s crust-semipermanent deformations, as it were. The analysis of such 
features of the geoid has definite implications for the physical strength of the crust or 
for the magnitude of the convection currents in the mantle which might be responsible 
for supporting these nonequilibrium features of the geoid. 
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2. GEODETIC PROBLEMS 

In order to fix attention on the potentialities of artificial satellites for 
investigation in the field of geodesy, the Committee on Geodesy for¬ 
mulated in the following way what it believed to be the more immediate 
goals of such investigations: (1) the tying together of widely separated 
geodetic datums, (2) determination of the shape and size of the Earth, 
(3) determination of the gravity field of the Earth, both broadly and in 
detail, and (4) the fixing of various datums with respect to the gravita¬ 
tional center of the Earth. In stating these aims, the Committee did 
not mean to be comprehensive; no doubt other related fields for investi¬ 
gation will arise in the minds of the readers. 

In some cases, the method of investigation of these problems will be a 
more or less obvious extension of the classical methods of geodesy, but in 
others, the artificial satellite makes possible novel procedures and opens 
uniquely new perspectives. Here are a few examples of both kinds: 

Triangulation-trilateration is used to tie together separate geodetic 
nets that are geographically too remote to be connected by surface tri¬ 
angulation. This is a rather obvious extension of classical methods. In 
the simplest case we do not even need to know the trajectory of the satel¬ 
lite. The satellite may be regarded as a moving triangulation point whose 
(three-dimensional) coordinates with respect to each separate geodetic 
datum may be observed more or less simultaneously. Three successive 
point fixes, each observed simultaneously from each datum, would com¬ 
pletely determine the transformation equations from one datum to the 
other. A literal synchronization of observations requires great precision 
in timing: since the satellite is moving with respect to the Earth with a 
velocity of approximately 7 km per sec, an error of 0.001 sec corresponds 
to an error of 7 m in the coordinates. In practice this difficulty can be 
avoided in several ways, of which we will mention two, the first crude and 
the second more refined: 

1. The position of segments of satellite trajectories can be determined 
with respect to various datums, without highly precise timing, and the 
crossing of a sufficient number of such lines will yield the transformation 
equations connecting pairs of datums. There is no reason why any 
satellite that is high enough to be observed from widely separated stations 
would not serve this purpose provided that the determination of its angu¬ 
lar coordinates were exact enough. In fact, such work has already been 
done with rockets. 10 - 11 

2. The satellite can carry a suitably instrumented flashing light (sug¬ 
gested by many people, including Hudson, Edgerton, Singer, Delsasso). 
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It would be necessary only to identify the corresponding images of the 
same short-duration flashes on the photographic observations from 
stations in the two datums. The flashing light has the additional obvious 
advantage that it can he observed at any time during the night. Johns 
and others have suggested the use of infrared radiation, which would be 
observable even in the daytime and probably through considerable haze 
and clouds. 

It is also evident that the fixing of the three-dimensional position of a 
satellite will be greatly strengthened by some sort of precise radio-ranging 
system—essentially trilateration. Two currently feasible methods have 
suggested themselves: radar, where the signal pulse is passively reflected, 
and transponders, where the pulse is retransmitted. The transponder- 
radio beacon technique promises to be considerably more efficient than 
radar, which requires enormous power. In reducing distances so meas¬ 
ured, the refractive effects of the ionosphere must be taken into account, 
and these are at present still inexactly known. 

It is of course also possible to use range measures by themselves—with¬ 
out observations of angular coordinates—but since each range observation 
yields only one coordinate instead of two, twice as many observations are 
needed. 

As a test of these methods, observations can easily be conducted from 
areas fairly well separated geographically but connected by a geodetic 
net. Johns has shown that the observations have the highest weight if 
the altitude of the satellite from each station is between 15 and 65°. 

Determination of the geoid, using a continuation of the, classical geo¬ 
metrical methods of the foregoing section, is essentially the inverse of the 
problem just described. Theoretically it will be possible to determine the 
space coordinates of a ground station X by precise observations (back¬ 
sights) of a satellite whose position is known in a coordinate system 
defined by a minimum of three standard stations A, B, and C. If the 
field station X is also connected by a geodetic net and precise leveling to 
stations A, B, and C, its then known geodetic coordinates can be compared 
with its space coordinates to yield transformations from the ellipsoid to 
the geoid. Since the geoid height N is only a few tens of meters at most, 
this procedure will demand observations of high accuracy, but not beyond 
refined photographic tracking techniques currently under consideration. 

Determination of the size and shape of the best-fitting spheroidal figure, 
including the case of higher harmonics , can be approached in several differ¬ 
ent ways. One is the treatment of the detailed information of the last 
section, i.e., geoid height as a function of longitude and latitude, either 
by solving it in the simplest case for the best-fitting spheroid with two 
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parameters (the radius a, and flattening /, or meridian section eccen¬ 
tricity e) or by subjecting the data to a more complex harmonic analysis, 
which is the equivalent of specifying an ideal figure of greater complexity 
and hence requiring more parameters to describe it. Another more 
elegant treatment is the celestial-mechanical one, as opposed to the 
geometric, which has already been used by several investigators. 6 ' 9 The 
orbit of an artificial satellite contains terms which are functions of a and 
/ and other parameters that describe the higher harmonics. 

As long as one is dealing with a small number of parameters, an orbit of 
only moderate precision is sufficient, although the sensitivity of the solu¬ 
tion depends on the orbital elements themselves. For example, the 
accuracy with which one can determine flattening / and higher harmonics 
depends on orbital inclination. 

The question of determining the coordinates of the center of attraction 
of the Earth’s mass with respect to the center of the best-fitting spheroid 
should not arise except in the case of spheroids fitted to limited areas of 
the Earth’s surface. In order to improve on the accuracy of existing 
determinations, an orbit of very high precision would be required. 

Investigation of the fine structure of the Earth’s gravitational field from a 
highly detailed and precise tracking of a satellite seems feasible. By fine 
structure we mean regions, from the smallest observable up to perhaps 
several thousand kilometers, in which the actual gravity departs from 
the value predicted by the model (spheroidal, with or without higher 
harmonics). As the satellite passes through these regions of varying 
gravity, slight deviations from the path predicted on the basis of the 
smoothed potential will result. If the magnitude and distribution of the 
anomalies are more or less random, their net effect should be small. The 
maximum deviation from a predicted orbit accumulated while passing 
over a strong anomaly of large effective area could hardly be greater than 
100 m. In general, the wandering will be much smaller than this, and 
deviations will tend to cancel out in the long run. 

There is an alternative approach to the problem of the gravitational 
fine structure. If the fine structure is represented by higher harmonics 
of order n, where 2tt R/n corresponds to the effective linear diameter of 
the anomalous region, the amplitude of the term falls off with distance r 
from the center as (r//2)~ (n + ]) , i.e., very rapidly for the higher orders, so 
that the potential becomes much smoother at greater heights. O’Keefe 
has raised the following question: What happens if the period of the satel¬ 
lite is 1 day or a small integral submultiple thereof? Although admit¬ 
tedly the higher harmonics are very weak at heights corresponding to 
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these periods, a 1-day period would bring the satellite over the same 
anomaly once per revolution, and the resulting resonance effects could be 
very large. Similar arguments apply to periods of 1 , /n day in combina¬ 
tion with harmonics of period 2-r /n. It is possible that a deliberate 
attempt to bring out these resonance effects by a careful choice of orbit 
would yield precise results in a much more elegant way than the effort 
to track the detailed wanderings of the satellite—a program which, if it 
were carried out with the extreme precision and degree of continuity 
demanded, would be very laborious. 

Since the detection of these anomalous perturbations may be marginal, 
the other sources of perturbation of a satellite orbit—for instance, those 
discussed in the foregoing sections, those produced by the Sun and Moon 
(if not negligible), and those produced by atmospheric drag—will need 
to be reckoned with first and eliminated from the observed perturbations. 
On the whole, then, it looks as if this sort of investigation will have to 
wait until the others are well in hand. 

3. CHARACTERISTICS OF AN IDEAL GEODETIC SATELLITE, ITS ORBIT, 

AND TRACKING SYSTEM 

If a satellite is to have enough versatility for a variety of geodetic 
applications, it should be bright enough to be photographed easily and it 
should be compact (high ratio of mass to cross section) in order that the 
effects of atmospheric drag be minimized. It should be spherical, or as 
nearly spherically symmetrical as is compatible with such external 
instrumentation as antennas, in order to have the same drag coefficient 
no matter how it is oriented with respect to its velocity vector (the 
“relative wind”). 

In order to keep the satellite compact, but at the same time ensure that 
it will be bright enough, it must be self-luminous, thus permitting observa¬ 
tions throughout the night. It has been suggested that the artificial- 
light source might be infrared, thus making the satellite observable also 
by day. 

The light should be bright enough to be photographed easily with 
equipment of moderate light-gathering power, preferably portable, at 
distances up to several thousand kilometers. If the satellite is not 
plainly visible, then it will be necessary to incorporate into the tracking 
system or plans of the tracking network some provision for training the 
cameras on it. The light should provide intermittent flashes of very short 
duration. This will attract attention, automatically provide simul- 
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taneous observations for widely separated stations, and make the best 
use of the available power by consuming it only a very small fraction of 
the time. 

The satellite should carry a radio beacon and transponder to return a 
signal to the ground in response to a signal from the ground. This will 
make possible simple range measurements and will enable observers to 
track the satellite in bad weather. 

Although there is no single orbit that will simultaneously fulfill all 
requirements, in general it should be high and of small eccentricity. The 
inclination can be anything from 0 to 90°, depending upon the purpose of 
the experiment, the effects to be maximized or minimized, and the geo¬ 
graphical region from which it is to be observed. 

A high orbit will maximize both the area from which the satellite can 
be seen at a given time and the length of time during which it can he seen 
from a given place. For a sunlit satellite the comparative gain is much 
larger, since the ratio of sunlit to dark periods is greatly increased. Such 
an orbit will also reduce to a minimum drag-induced perturbations. 
The upper limit will in general be set by the visibility of the satellite or 
the increase with distance of the error in the linear coordinates for a given 
original error of observation in the spherical coordinates. An approxi¬ 
mately circular orbit will keep the satellite out of the denser layers of the 
atmosphere and will maintain a nearly constant drag. It will reduce 
certain other perturbations correlated with eccentricity and accordingly 
minimize the computational complexities. In the investigation of 
gravitational fine structure, if the resonance effects of the higher-order 
harmonics turn out to be too weak to observe in high orbits, and if as a 
consequence it is desired to enhance the random wanderings, the most 
favorable orbit would be the lowest one that still avoids prohibitive drag. 
This is the chief exception to the general requirement for a high orbit. 

Although the required degree of precision of tracking and timing of 
observations varies from experiment to experiment, several investigations 
demand the highest degree of precision attainable. For example, a 
detailed investigation of the gravitational irregularities (other than by 
the resonance method) calls for tracking with an error of +10 in or less 
to be of any real use. The corresponding permissible error in timing is 
about ± 1 msec. An experiment in fundamental physics discussed in 
Chap. 3, namely, the comparison of gravitational and atomic time, 
requires that the orbital period be known with respect to an atomic clock 
with an even greater precision (about 1 part in 10 u ). 

The chief methods of tracking, both tried and untried, are: 
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1. Optical—visual (recording theodolites, Moonwatch, etc.) 

2. Optical—photographic (Sattrack, Phototrack, Markowitz Moon 
Camera, and numerous others) 

3. Infrared, detection of the thermal radiation from the sun-heated 
satellite shell (untried) 

4. Radio—interferometer (Minitrack, Moonbeam, and their foreign 
counterparts) 

5. Radio—Doppler shift, in which the trajectory is deduced from the 
line-of-sight component of the satellite’s velocity relative to the observer 

6. Radio—radar, which has been really successful for only the biggest 
antennas and power output 

7. Radio beacon-transponder (untried, but promising) 

There is already quite a large literature on these subjects. 

The optical methods are inherently the most accurate because of their 
greater resolving power and their smaller liability to unpredictable 
refraction effects. Of all the optical methods, the most precise (angular 
errors of the order of 1" or less) is the photography of a satellite against 
the background of reference stars. By means of reductions similar to 
those used in astrometrics, the known angular coordinates of the reference 
stars serve to define the coordinate system on the plate and the photo¬ 
graphic distortions. 

On the other hand, the use of optical methods is limited to periods of 
darkness and clear sky, a disadvantage that the radio methods are not 
subject to. 

Of the various optical methods, one offering considerable promise is 
the adaptation of the Markowitz Moon Camera to satellite observations. 
The camera tracks the star field at the sidereal rate, but the image of the 
moving object is caught on an internal prism which rotates with respect 
to the camera at such a rate and orientation as to make the image of the 
moving object stationary with respect to the star field. The moving 
prism mount automatically records a time mark at known points as it 
rotates. Although this refined technique is unnecessary with a bright 
enough flashing light, its advantage for very faint satellites is obvious. 

All the radio tracking methods mentioned above have been tested 
except the radio beacon-transponder, which appears to have great 
potentialities. The difficulties associated with tested radio methods and 
the magnitude of the errors, which arise chiefly from residual uncertainties 
in the corrections for ionospheric refraction, and also transmitter fre¬ 
quency drift in Doppler measures, are quite well known. While the errors 



136 


THE EARTH 


are large compared with the smallest theoretically attainable by optical 
methods, radio methods are indispensable in that they are the only 
available ones that can be used in daylight or bad weather. Further¬ 
more, the comparatively large quantity of radio data makes up to some 
extent for the lower precision. There is one obvious disadvantage of all 
the radio methods except radar: there must be an active transmitter in 
the satellite. 

Several of the investigations outlined above, in particular those dealing 
with extensive triangulation and trilateration, call for a large number of 
stations scattered all over the world. The most expeditious and least 
costly method of meeting this requirement is probably the organization 
of a net of portable stations, with tough, foolproof equipment that is 
easy to transport and set up. A station complete enough to answer the 
conditions might include (1) a camera of long enough focal length to keep 
the errors of measurement small but not so long as to be unmanageable 
in the field, of sufficient light-gathering power to photograph a given satel¬ 
lite at the greatest operating distances, and mounted for greatest ease 
and flexibility in tracking; (2) radio equipment to pulse the transponder 
and to time the arrival of the responding pulse; (3) a command radio to 
activate the flashing light; (4) communications receivers and transmitters 
for coordination with other stations, for time signals, and so forth; and 
(5) portable generators. 
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METEOROLOGY 

Harry Wexler 


1. BACKGROUND 

It is only little more than a century ago that meteorological observa¬ 
tions were first plotted on a map to obtain a synoptic picture of weather 
events. These first weather charts covered only an area of a few thou¬ 
sand square miles. With growing awareness of the usefulness of weather 
charts in forecasting and with the improvement in communications, the 
charts gradually expanded to cover many land areas, islands, and oceanic 
shipping routes. But these first maps were only for a small portion of 
the Earth’s surface and also failed to depict what was happening above 
the surface except as could be deduced from clouds and precipitation. 

With each advance in aerial observation—from manned balloons to 
kites to airplanes to balloon-borne radiosonde—the ceilings of the meteor¬ 
ologist expanded vertically, higher and higher. The advent of the large 
rocket succeeded in furnishing information about the important top 1 per 
cent of the atmospheric mass—too high to be reached by balloon. The 
marked upward thrust of sounding techniques, however, has not been 
accompanied by a similar expansion laterally of meteorological observa¬ 
tions, especially over the vast island-free oceanic areas, except along the 
principal airplane and shipping routes. Less than one-fifth of the total 
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atmospheric mass is adequately probed by conventional meteorological 
sounding techniques today, and large storms can reside undetected for 
days in many desert, polar, and oceanic areas. 

Now meteorologists have a vehicle and an observing platform with a 
global capability commensurate with the global nature of the atmosphere. 
By use of satellites orbiting about the Earth, man will obtain a downward 
look at clouds—those beautiful and ever-changing manifestations of 
atmospheric processes which can be used to identity and locate storms and 
fair-weather areas. With a proper distribution of meteorological satel¬ 
lites orbiting about the Earth, it will be possible to keep track of each 
major storm on Earth, to note the birth of new storms and the death of 
old ones. 

No less important than the obvious practical benefits of satellites to 
weather forecasts will be the contribution to basic knowledge of atmos¬ 
pheric physics, for example, the measurement of the global distribution 
of the net radiant energy absorbed and emitted by the Earth-atmosphere 
system. Since “weather” results from winds attempting to equalize 
the nonuniform distribution of the net radiant energy received from the 
Sun, it is important to keep accurate account of the global distribution 
of the basic radiant energy which drives the atmospheric heat engine. 
This energy budget, when measured over long periods of time, will not 
only be useful in interpreting basic knowledge of the atmospheric proc¬ 
esses but might also assist in formulating a new system of long-range 
forecasts and in anticipating climatic changes. 

However, the availability of global data from meteorological satellites 
will not eliminate the need for knowledge of the fine-structure details of 
the atmosphere and important links between the top atmospheric layer 
and the denser layers below, made possible by balloons and rocket-borne 
radiosondes. The upper limit of conventional balloons is about 30 km, 
but the region above this height to at least 60 km is of great meteor¬ 
ological interest, not only for forecasting for vehicles in this upper layer 
but also because this layer may be a connecting link between unusual 
solar emissions and anomalous terrestrial weather. High-altitude 
sounding rockets of modest cost which can be launched daily at a number 
of selected locations throughout the world appear to offer the most prom¬ 
ising means for acquiring data in this critically important region. 

2. TYPES OF METEOROLOGICAL OBSERVATIONS THAT SATELLITES 

MAKE POSSIBLE 

The various types of observations important to meteorology which can 
be taken from satellites include: 
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1. Measurement of cloud cover by photoelectric cells, television 
cameras, and at night by infrared measurements and photosensitive 
devices using reflected moonlight and starlight. 

2. Radiation measurements: (a) solar radiation—direct and reflected 
from Earth, clouds, and atmosphere, (. b) total infrared radiation from 
Earth and atmosphere, (c) spectral measurements in the infrared water- 
vapor window (8-11^) to yield terrestrial surface temperatures and 
nocturnal cloud cover, (d) measurements of water-vapor emission in the 
G-7 m band. 

3. Temperature and composition: (a) approximate measurements of 
temperature in the stratosphere by spectral measurements in the carbon 
dioxide 14 m band, (b) vertical distribution of ozone amount, (c) mass of 
water vapor and carbon dioxide in the vertical column and perhaps a 
rough approximation of the vertical distribution. 

4. Other more difficult measurements which are conceivable include 
(a) radar measurements of global precipitation and perhaps cloud strati¬ 
fication, (b) atmospheric turbidity, (c) mass of the atmosphere and thus 
the surface pressure, (d) thunderstorm distribution by lightning detection 
and static discharge (sferics). 

Initial examples of some of the parameters listed above have already 
been obtained by TI ROS I and Explorer VII; others should be attained 
within the next few years, while still others may take a decade or more. 
Much basic research and development, both in the laboratory and in 
aircraft and on balloons, must be done before instruments can be made to 
work successfully in satellites. With larger payloads, heavier and more 
complex instrumentation can be mounted on the satellite, including per¬ 
haps some preliminary data-reduction equipment to cut down the com¬ 
munications load. 

3. OPTIMUM ORBITS AND HEIGHTS OF METEOROLOGICAL SATELLITES 

To eliminate the necessity for height corrections it would appear 
desirable to place meteorological satellites in circular orbits about the 
Earth. Orbits of large eccentricity, so desirable for other types of obser¬ 
vations (such as measurement of the Van Allen radiation belt) should be 
avoided in meteorological satellites. 

Of the infinite variety of circular orbits of Earth satellites it appears 
that two offer unique advantages to meteorology: the polar orbit and the 
equatorial orbit. The proposed earth-oriented Nimbus satellite is sched¬ 
uled for launching in a polar orbit in late 1961 or early 1962. 

The polar-orbit satellite will view the entire Earth twice daily—once as 
it moves, say, northward during daylight, and again as it moves south- 
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ward at night. If launched northward at local noon, it will cross all 
latitudes near local noon until it passes the North Pole; then it will move 
southward across all latitudes at local midnight. However, because of 
motion of the Earth about the Sun, the local time of passage of the satel¬ 
lite across each latitude circle will be earlier by 4 min each day. It 
would be advantageous to eliminate diurnal effects by correcting for this 
4-min displacement each day. For a 500-km-high satellite, for instance, 
this can be done by launching the satellite not directly toward the Pole, 
but at an inclination of 97° with the plane of the equator (0° points to 
the east) so that the precession of the orbit offsets the 4-min-per-day 
displacement. In this way the “polar” satellite would always view the 
Earth at nearly the same local time moving north and at nearly the same 
local time 12 hr different, moving south. This is not to say that diurnal 
effects are not important, but only that it would simplify interpretation 
of satellite data if one satellite were a “noon-midnight satellite,” another 
a “4 p.m.-4 a.m. satellite,” etc. 

One can conceive of an ideal system of, say, seven meteorological 
satellites, each 6000 km high. Six of these would move in circular, quasi- 
polar orbits of 4-hr period on meridians 60° of longitude apart. Of these, 
three would be “daylight” satellites, moving northward at 8 a.m., noon, 
and 4 p.m., and three would be “nighttime” satellites, moving south on 
the opposite side of the Earth at 8 p.m., midnight, and 4 a.m. At a given 
moment the daylight satellites should each be at the same latitude north, 
say, while the nighttime satellites should each be at the same latitude 
south. By such a system and taking into account the large areas seen 
at a given moment, no important cloud cover need remain unobserved 
for more than 1 hr. By selecting the Greenwich meridian as the noon 
or midnight satellite, the data from each of the six satellites, 60° of longi¬ 
tude apart, could be combined to give a nearly complete world chart for 
each of the four daily synoptic times. 

Such a complex of “high-flying” satellites, while advantageous for 
global meteorology and for the identification and tracking of the large- 
scale weather systems, might not be the most suitable means for obtaining 
details of fine structure. These details are useful for identification of the 
smaller atmospheric systems, such as fronts, squall lines, thunderstorms, 
and even winds (by tracking the motion of identifiable cloud elements). 
It would appear that “low-flying” satellites at heights of several hundred 
kilometers would be more useful for furnishing information on the smaller- 
scale meteorological phenomena, so important for the short-range and 
detailed forecasting. 

Although polar-orbiting satellites crossing the equator would provide 
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useful observations to tropical nations, an equatorial-orbiting satellite 
would appear to offer unique advantages for these countries. As the 
seventh satellite moves from west to east along the equator, it could 
observe the weather for a certain distance north and south depending on 
its height and transmit its information to each station in turn. A satel¬ 
lite at a height of 1000 km would orbit the Earth in 105 min and could 
observe the Earth’s surface along a belt extending from 30°N latitude 
to 30°S latitude. An extra dividend for the tropical countries would, of 
course, be the observations from the six polar-orbiting satellites as they 
cross the equator 60° of longitude and 4 hr apart. It is likely that 
satellite observations of cloud cover will be of particular value in the 
tropics where conventional observations and the prognostic techniques 
of higher latitudes have had limited success. 

4. IMPLICATIONS OF SATELLITE OBSERVATIONS FOR 

METEOROLOGICAL OPERATIONS 

As with other types of meteorological data, ways must be found to 
promote standardization and interpretation of satellite meteorological 
observations (particularly cloud cover, which will probably be the first 
operational observations available from satellites) and to ensure their 
speedy transmission to the meteorological services of the world. 

4.1 Standardization 

In the not-too-distant future the same cloud system will be under the 
surveillance of many satellites, each probably orbiting at a different 
height and each probably possessing different optics and sensors. It is 
important that the data coming from each satellite yield essentially the 
same major features of the cloud system so that the forecaster will not 
be given conflicting information. It is much too early to recommend how 
to obtain the desired standardization, but it is foreseeable that compati¬ 
bility tests of proposed sensing equipment may be conducted by the sev¬ 
eral countries engaged in satellite meteorology. 

4.2 Interpretation of Cloud Data 

An objective identification and classification of clouds has long been a 
thorny problem in meteorology. With respect to satellite cloud observa¬ 
tions the problem will be to combine individual clouds and cloud systems 
to produce a pattern which can be interpreted in terms of atmospheric 
motions and processes. This interpretation would be an expansion and 
refinement of the system of “nephanalysis” in vogue a generation ago. 
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Information on orbits, heights, and instrumental resolution must be 
disseminated so that the observations can be properly interpreted, merged 
with the great body of other meteorological data, and put to use in 
synoptic analysis and forecasting. An example of a picture which can be 
readily interpreted in terms of conventional meteorological systems is 
shown in Fig. 1. This composite of TIROS I pictures, prepared by 
V. J. Oliver of the U.S. Weather Bureau, 1 shows clouds produced by two 
cyclonic systems connected by a frontal zone, in agreement with the classi¬ 
cal cyclone-family model. Such pictures can help locate storm systems 
in data-sparse areas and also reveal much information about warm and 
cold air masses, fronts, jet streams, convective areas, fog, etc. 


4.3 Transmittal of Satellite Information 

The global range of satellites also provides a unique opportunity for 
speedy communication of satellite information directly to those countries 
over which it is passing for use in local forecasting. Line-of-sight trans¬ 
mission with its well-known advantages can thus be used in putting the 
observations to use with minimum delay. However, adequate ground 
receivers and data-processing equipment will be needed to take advantage 
of this opportunity. Perhaps not all countries will establish such com¬ 
munication and processing facilities, and provision should be made to 
store data on the satellite for readout to those countries properly equipped; 
these countries could then process and transmit information promptly to 
interested countries. 

Eventually it is expected that world-wide communications will be 
facilitated by the availability of communication satellites, a system of 
high-altitude (approximately 36,000 km over the Earth's surface) vehicles 
which will hover over a fixed point at the Earth’s equator and serve as 
relays for line-of-sight radio transmission. Such a system will offer to 
the world’s meteorological services speedy communication of all kinds of 
meteorological data so that the meteorologists’ dream of drawing a truly 
current ‘‘world weather map” will be fulfilled. An auxiliary use of these 
satellites would be to keep continuous watch of clouds below them. 


5. IMPLICATIONS OF SATELLITE DATA FOR METEOROLOGICAL RESEARCH 

Cloud observations from satellites, once they have served their imme¬ 
diate forecast use, will be valuable in meteorological research. For 
example, they can be used to establish for the first time a truly global 
cloud census, to draw average charts of world cloud cover by months or 
other periods, and to note long-time variations in cloud amount and dis- 
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FIG. 1. A mosaic of ton TIROS cloud pictures taken starting 
at 2300Z May 10 and ending at 01.00Z on May 20, 1960 (below), 
and a weather map ol the North Pacific Ocean for the same time 
with TIROS clouds superimposed. (After V J. Oliver.) 


tribution. However, several difficulties must be overcome in the reduc¬ 
tion of the great mass of data from world-wide pictures to achieve a truly 
global cloud census. The cloud pictures are distorted, mainly because 
areas are inevitably foreshortened in some parts of the pictures. Sec¬ 
ondly, if the cloud amounts are determined from photographs, the photo¬ 
graphic process plays a lole in the detection ol these clouds ; cirrus clouds, 
for example, may not be distinguishable on the photograph. Further¬ 
more, small scattered clouds may evade detection by the television system. 
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Thus, after due allowance has been made for foreshortened areas, these 
effects may produce a smaller total cloud amount than really exists. 
However, there is some compensation in that fields of fairly bright 
scattered or broken clouds may indicate a somewhat larger cloud amount 
when small bright clouds fill the television raster lines. 

Satellite observations of radiation—direct solar, reflected solar, and 
terrestrial outgoing—can be used to study weather developments and 
motions of atmospheric disturbances as related to the radiation balance 
and to compute net radiation gains and losses over the Earth. It is 
known that the poleward transport of excess energy from the tropics can 
vary considerably. 8 For example, in February, 1951, the poleward 
energy transport across the 30°N latitude circle varied from +140 • 10 13 
cal per sec to —140 • 10 13 cal per sec; from mid-January to mid-February 
the poleward energy transport across the 15° latitude circle varied from 
18 per cent to 141 per cent of the average from October, 1950, to April, 
1951. When winds are blowing mostly from the west or east, the energy 
flow away from the tropics is inhibited. But when the energy flow 
pattern changes from this “high index” condition to meridional or “low 
index” flow pattern (typically characterized by large quasi-stationary 
anticyclonic and cyclonic vortices), poleward energy flow is promoted. 
When meridional flow persists, it gives rise to rather prolonged spells of 
the same general weather type, such as fair weather, droughts, floods, and 
storms, depending on the location of a particular geographical region with 
respect to the stalled-weather pattern. Thus radiation balance measure¬ 
ments from a satellite, by enabling meteorologists for the first time to note 
the space and time variations in energy storage and transport, will offer 
an opportunity to devise a new quantitative approach to extended-range 
weather prediction. 

Observations of unusual solar radiations, energetic particles, and 
meteoric dust from space should be readily available from satellites for 
correlation with unusual weather behavior. The availability of world 
weather charts should make it possible to study contrasts and similarities 
in Northern and Southern Hemispheric circulation patterns and to sec 
whether one hemisphere precedes the other in assuming anomalous pat¬ 
terns or whether both react simultaneously to a common external excita¬ 
tion such as unusual solar radiations or meteoric dust. 

These are but a few examples of new horizons in meteorological research 
which will be opened up by the availability of global cloud, radiation, and 
other data. The great flow of data which will pour forth from satellites 
and the large number of important problems to whose solution they will 
contribute make it important that compilations or world charts of impor- 
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tant elements be drawn up and made available to research groups 
everywhere. 

6 . THE FIRST METEOROLOGICAL SATELLITE EXPERIMENTS 

Vanguard II. The first meteorological satellite, 1959 Alpha (Van¬ 
guard II), was launched by the United States on Feb. 17, 1959, and trans¬ 
mitted cloud information until Mar. 7, 1959, when the expected failure of 
the power supply occurred. This satellite, a 50-cm-diameter 9.8-kg 
sphere, carried two photocells mounted behind circular windows which 
look out from opposite sides of the satellite at an angle of 45° from the 
spin axis, 4 he object of the experiment was to measure the distribution 
of cloud cover over the daylight portion of the sphere’s orbit, which 
extended from 34°N to 34°S latitude. In order to reduce the data, this 
system requires that the satellite spin-rate and spin-axis orientation 
remain within certain narrowly prescribed limits. Unfortunately the 
Vanguard II meteorological satellite did not have the required motions, 
so that it is very difficult to derive meaningful cloud pictures from the 
signals. 

Tiros I. The difficulties introduced by the satellite motions in Van¬ 
guard II were in part overcome with a much heavier satellite using tele¬ 
vision cameras in TIROS I. 2 The television camera takes an instan¬ 
taneous picture of a large area and, provided the spin rate is not too fast, 
cloud pictures covering a substantial area of the earth can in general be 
obtained even if the satellite motions are somewhat erratic. 

The characteristics of TIROS I and its orbit have been described in 
several places. 3 - 4 TIROS I, a spinning satellite launched on Apr. 1, 1960, 
obtained pictures successfully until mid-June, 1960. It orbited the 
earth in nearly a circular orbit at about 450 miles with its subsatellite 
point varying between latitudes 48°N and 48°S. Because of the wide- 
angle coverage of one of its cameras, the satellite could see appreciably 
poleward of these latitudes, often beyond 55°. The satellite contained 
two television cameras, both looking along the spin axis. The cameras 
were sensitive to green-red light in order to reduce the influence of scatter¬ 
ing by the cloudless atmosphere and took “ snapshots” when they were 
pointed at favorable angles to the illuminated Earth. The data were 
stored on magnetic tape for one orbit and then transmitted on command 
to the ground at two readout stations, one in New Jersey and the other 
in Hawaii. On the ground the data were received simultaneously (1) 
via oscillograph screen which was photographed and (2) by recording on 
a magnetic tape. 
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The wide-angle camera had a field of view when looking straight down 
of about 1300 by 1300 km, with a resolution of about 3 km near the 
subsatellite point. The resolution is determined by the number of TV 
raster lines and the field of view when the camera is looking straight down. 
The resolution will therefore be poorer than 3 km as the distance of the 
viewed area from the subsatellite point increases. The second TV 
camera had a smaller field of view, seeing about 130 by 130 km with a 

resolution of approximately 0.8 km. 

The ability with which objects can be seen depends somewhat on the 
background; for dark backgrounds, the high-resolution camera was suffi¬ 
cient to detect most cloud features in synoptic and mesoscale systems. 
The narrow-angle camera took pictures which included even individual 
cumulus clouds. 

TIROS I took more than 20,000 pictures, many of which showed inter¬ 
esting cloud features. Many of these have already been described and 
analyzed. 1 ’ 5-7 Examples of some of the large-scale vortices of diameter 
500 to 1000 miles are shown in Fig. 2 (Northern Hemisphere) and in Fig. 3 
(Southern Hemisphere), with locations and dates indicated in Fig. 4. 

Explorer VII. Another type of meteorological experiment, the radi¬ 
ation-balance experiment, was launched by the United States on Oct. 13, 
1959, as part of the big package aboard 1959 Iota (Explorer VII). An 
estimate of the total flux of radiation to and from the Earth is measured 
by exposing small silver hemispheres with three types of coatings and 
measuring their temperatures. Each hemisphere is backed with a mirror 
so that the system approximates a sphere. A uniformly black sphere 
absorbs radiation at all wavelengths from all directions. A white sphere, 
which has a high absorptivity in the infrared beyond 4 or 5 g but which 
reflects direct and reflected sunlight, measures the long-wave radiation 
emitted from the Earth and its atmosphere. Another sphere with a 
“tabor” coating responds in just the reverse way, absorbing sunlight in 
the visible and near-infrared portion of the spectrum but reflecting the 
incident infrared radiation. Another identical sphere, shielded from 


direct radiation from the Sun, permits the separation of direct-beam solar 
radiation from the diffuse reflected rays coming from the Earth. 

By measuring and recording the temperatures of these spheres, it is 
possible to determine various radiative fluxes and thus the radiation 
budget of the Earth and its atmosphere over the area under the satellite 
an area which is effectively several hundred kilometers in diameter lor a 
satellite at 500 km. The data are being reduced, and a map of the dis¬ 
tribution of the outgoing radiation and weather fronts is shown in Fig. 5. 
Reception of data from this experiment terminated Oct. 13, 1900. 
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FIG. 2. Six large vortices observed by TIROS in the Northern Hemi¬ 
sphere. These vortices, of diameter 500 to 1000 miles, reveal a remarkable 
degree of cloud organization as well as great differences from one to the other. 
They are associated with large cyclonic storms at locations shown in Fig. 4. 







FIG. 3. Six large vortices observed by TI 
in Fig 4. Again the remarkable degree of 
are apparent. 
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FIG, 5. Geographical distribution of the terrestrial and atmospheric radiation loss to space in 
calories per square centimeter per minute observed by the heat-balance experiment on Explorer 
VII, Dec. 3, 1959. In addition to isolines of radiation loss, there are shown weather fronts and 
points indicating the orbital path of the satellite projected on the Earth. (After V. E. Suomi.) 
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Tiros II. Another member of the TIROS family, TIROS II, launched 
by the United States on Nov. 23, 1960, combined in one package a tele¬ 
vision camera and infrared sensors. The television observations were 
similar to those in TIROS I and were intended to measure the extent and 
type of cloud cover over the world. The radiation sensors were designed 
to measure with relatively high resolution (1) infrared radiation from the 
Earth, (2) albedo of the Earth, (3) emission in the 6.3 -fx water-vapor band, 
and (4) temperature of the Earth’s surface or cloud tops. 

Pictures were taken at places in each orbit suitable with respect to 
sunlight and satellite orientation. The video information was then 
stored on magnetic tape and read out when the satellite passed over a 
ground station. On the ground the transmitted cloud pictures were 
reconstructed by means of a television monitor and photographed. They 
could then be used to locate storm areas and other meteorological phe¬ 
nomena after their location in space and time had been determined from 
the tracking data. 

The data obtained from the radiation sensors were also recorded con¬ 
tinuously and transmitted to the ground stations during each pass. The 
resulting magnetic tapes were then forwarded to the National Meteoro¬ 
logical Center, U.S. Weather Bureau, Washington, for correlation with 
the tracking data. Although these data were intended primarily for 
basic atmospheric-energy studies, they may also prove to be of assistance 
in weather prediction. 

7. INTERNATIONAL ASPECTS OF METEOROLOGICAL SATELLITES 

Two international bodies, COSPAR (Committee on Space Research) 
and the WMO (World Meteorological Organization), are concerned with 
meteorological satellites. 

COSPAR, a committee organized by the International Council of 
Scientific Unions (ICSU), has had three meetings, in London in Novem¬ 
ber, 1958, in The Hague in March, 1959, and in Nice, January, 1960, 
with more frequent meetings of the Executive Committee. 

The WMO, a specialized agency of the United Nations, consists of the 
meteorological services of 100 nations which are divided into six basic 
world regions. Its purposes are to facilitate cooperation in establishment 
of meteorological and allied observing stations, to promote rapid exchange 
of weather information, to promote standardization of meteorological 
observation and uniform publication of meteorological data, to further 
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the application of meteorology to aviation, shipping, agriculture, etc., 
and to encourage research and training in meteorology. 

It appears desirable to examine the possible roles of COSPAR and the 
WMO in promoting the development and use of meteorological satellites 
and dissemination of their data. 

A natural line of division appears to lie between research and development 
and synoptic use of the meteorologically equipped satellites. COSPAR 
could encourage and coordinate a series of satellite meteorological experi¬ 
ments and evaluate the results of these experiments in a thorough research 
program. In adopting specific procedures for regular observing meas¬ 
ures, WMO could be guided by the results. COSPAR could, because of 
its broad representation from the international scientific community, 
draw upon a wealth of knowledge to suggest new meteorological experi¬ 
ments and to promote the design, development and testing of new instru¬ 
mentation. These instruments, based on latest developments in fields of 
spectroscopy, electromagnetic radiation, particle dynamics, etc., might 
depart widely from conventional meteorological instrumentation. Fur¬ 
thermore, the interplay of the various scientific disciplines engaged in 
research in space may lead to the unexpected development of valuable 
new tools and concepts for meteorologists. These might include detailed 
observations of energetic radiations and particles from the Sun and space, 
which affect the Earth’s atmosphere. Also observations will some day 
be made of the composition and motions of atmospheres of other planets 
by artificial satellites and landings; comparison of the results with those on 
Earth should assist greatly in separating out effects common to all planets 
from purely terrestrial effects in the Earth’s atmosphere. 

The WMO, on the other hand, could keep in close touch with CO¬ 
SPAR’S activities and urge the exploitation of newly developed tech¬ 
niques and concepts to its member nations. The WMO could inform its 
members of the launchings of meteorologically equipped satellites, their 
orbits, heights and periods, characteristics of the sensing equipment, 
frequency and power of the radio transmissions, etc. It could encourage 
the member countries to participate in the program by launching meteoro¬ 
logical satellites in desirable orbits, by assisting in the tracking and receipt 
of the transmitted data, and by taking valuable auxiliary observations, 
such as cloud observations. The WMO could promote the dissemination 
of such data and stimulate their use and interpretation by distributing 
literature and arranging for visits of meteorologists trained in the new 
techniques. 

Thanks are due to my colleague Dr. S. Fritz for his careful review of 
the manuscript and valuable insertions and to Mr. V. J. Oliver and 
Professor Y. Suomi for permission to use Figs. 1 and 5. 
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ROCKET RESEARCH AND THE 
UPPER ATMOSPHERE 

William W. Kellogg 


1. INTRODUCTION 

A theme that runs through this book is the great advance made 
possible by new vehicles to carry man’s instruments (and ultimately 
man) away from the surface ol the earth. It is sometimes forgotten 
that sounding rockets have been used for many years to probe the 
earth’s upper atmosphere and that a great deal is still left to be done by 
these relatively simple vehicles. Thus no discussion of space science 
can be complete without some recognition of the role which these powerful 
tools must continue to play, particularly in the studies of the upper 
atmosphere and near space. 

The first sounding rocket to carry an instrument for geophysical 
research was a WAC Corporal, fired at White Sands Proving Ground, 
New Mexico, in 1945. The following year a number of captured German 
V-2 rockets carried scientific payloads from the same firing range into 
the ionosphere. Since then there have been many hundreds of such 
launchings, and more than half a dozen countries now have active 
programs of upper-atmosphere rocket research. It is fair to say that the 
original foundation for the space effort lies in rocket-sounding research. 
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There have been so many important results from the many rocket 
programs that no attempt will be made to summarize them here. (The 
interested reader is referred to the bibliography at the end of the chapter.) 
Instead, an attempt will be made to look at the future and to point to 
some of the many promising avenues for research with sounding rockets. 
In a sense, this complements Chap. 8, in which the value of satellites for 
studying the upper atmosphere is stressed.* 

2. GENERAL QUALIFICATIONS OF SOUNDING ROCKETS 

In the following sections an attempt is made to review in some detail 
the whole range of specific experiments in the upper air and the fringe 
of space which need to be done with sounding rockets. This implies 
that the suggested observations can be done better with rockets than 
from the ground, from balloons, or with satellites or that at least an 
exploratory test with a rocket is required before trying to use a satellite. 

Here are some of the kinds of tasks for which sounding rockets are 
indicated: 

Direct measurements of atmospheric conditions below the level of 
satellites and above the level of balloons, which means from about 30 
to 200 km. 

Measurements in any altitude range of distributions in the vertical. 

Measurements at a given time and place or simultaneous measurements 
at a number of places (synoptic observations). The time can be selected 
to coincide with some unusual event, such as a solar flare, magnetic 
storm, blackout, etc. 

Measurements which require very large bandwidths and correspond¬ 
ingly large powers for a short time. 

Experiments involving recovery, which include all those involving the 
use of film, either photographic or stacked emulsions. 

Closely related to the previous group, experiments where too long 

* The author has drawn extensively for this material from the suggestions of an 
ad hoc Working Group of the Space Science Board. It is thus the result of a collabora¬ 
tion in which well-qualified scientists with diverse interests were able to pool their 
ideas. The ad hoc Working Group on Upper Atmosphere Rocket Research of the 
Space Science Board met at the National Academy of Sciences in Washington, D.C., 
on Oct. 19 and 20, 1959; the participating members were William W. Kellogg (Chair¬ 
man), Hans J. aufm Kampe, Talbot A. Chubb, Francis S. Johnson, Leslie M. Jones, 
Hilde K. Kallmann, Edward Manring, Carl E. Mcllwain, Herman- Yagoda, and John 
C. Mester; invited participants included representatives from various agencies and 
laboratories engaged in rocket research or its support. 
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ail exposure will be detrimental to the package, as in the case of emulsion 
stacks. 

Exploratory measurements of upper-air conditions, where the range 
of parameters is uncertain. 

Tests of prototype equipment to be used on space vehicles, where 
exposure to the launching and the space environment prior to investing 
in a full-scale flight may result in great savings. 


The lead times (and costs) involved in preparing rocket instrumentation 
for a flight are usually less than those required for satellites or space 
probes by a factor of 2 or 3, and there is no sign that this discrepancy 
will decrease. Thus rocket experimentation is considerably more flexi¬ 
ble, changes can be made as the development progresses, more sophisti¬ 
cated and difficult techniques can be tried, etc. Finally, the cheaper 
rockets, because of their relative simplicity, can be used as training 
grounds for new experimenters who wish to try their ideas out, thereby 
increasing the number of research institutions in the field and broadening 
the human base on which the whole research effort of a nation rests. 

The typical exploratory upper-atmosphere rocket-research program 
can be divided into four phases, each of which costs about the same: 
(1) procuring the vehicles, (2) designing and building the instrumenta¬ 
tion, (3) sending a crew out to the field to handle the firing, and (4) 
reducing and analyzing the data. Obviously, these may vary in rela¬ 
tive emphasis and cost from experiment to experiment, but there is one 
phase which seems to be invariably underestimated: reduction and 
analysis of data. A large volume of significant scientific data will 
emerge from an upper-atmosphere rocket program, and the analysis 
of these data should be taken into account in program planning. 

Requirements on rockets vary tremendously. For the meteorological 
rockets, for example, in which only a few pounds of instrumentation 
may be needed to determine winds and temperatures (or even just a 
clump of radar-reflecting “chaff” for winds alone) to 60 or 80 km, the 
emphasis is on simplicity and low cost. The rocket is typically a solid- 
propellant single-stage one and may weigh less than 20 kg. To probe 
the ionosphere with somewhat more elaborate payloads usually requires 
a rocket weighing 500 to 1000 kg, and this may be a single-stage liquid 
rocket or a multistage solid rocket. For still higher flights, or ones 
which require heavy payloads or stabilizing controls, even larger rockets 
are often required. These statements are necessarily general, since the 
state of the art of rocketry is advancing rapidly and there is now a very 
large assortment of available rockets in the United States and elsewhere. 
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3. ATMOSPHERIC DENSITY, COMPOSITION, AND WINDS 

The beginning of a study of an atmosphere should be a description of 
its mass distribution and its motion, coupled with a knowledge of its 
composition. Fundamental though this knowledge is, we are able to 
define the mass and flow conditions above 30 km in but the most general 
terms, and above 150 km we have little direct knowledge of the composi¬ 
tion as well. We are aware of variations from place to place, season to 
season, and day to night, and we have within the past year been able to 
detect significant mass (density) changes which are directly related to 
solar activity. However, the observations have been far too few to allow 
the picture to be filled in properly. Experimental programs that would 
help to fill these gaps are as follows. 

Synoptic Meteorological Rockets. For nearly three decades meteor¬ 
ologists have been working with synoptic radiosonde observations 
obtained by simultaneous balloon flights throughout the world. In this 
way it is possible to draw a map showing the instantaneous picture of 
pressures, temperatures, and winds over an entire hemisphere. The 
indications are that many of the events which are seen on the high-level 
meteorological charts are events which are triggered from still higher 
altitudes. A particularly dramatic instance of this is the phenomenon 
known as “explosive warming,” which occurs annually in the late winter 
or early spring in polar and subpolar regions. In this event a dramatic 
increase in temperature at some spot in the polar region is accompanied 
by a rapid change in the entire circulation pattern of the stratosphere, 
and in one of these events a large increase in temperature was traced to 
about 65 km by rockets fired from Fort Churchill. 

It is proposed to extend the altitude of the present balloon network by 
means of meteorological sounding rockets. The Areas rocket, developed 
specifically for this purpose, will carry some 2 to 5 kg to over 65 km. 
The smaller Loki rocket can also be used for wind determinations. A 
program of synoptic rocket observations in the United States is already 
being planned as a joint effort by the Department of Defense agencies, 
NASA, and the U.S. Weather Bureau. Present plans call for firings from 
Patrick, Eglin, White Sands, Tonopah, Point Mugu, Fort Greeley, 
Fort Churchill, and Wallops Island on a schedule of one rocket per day 
per station for one month in each of the four seasons. For special 
studies, as for example to observe diurnal changes, four or more per 
day will be fired on at least one day in each season. It is hoped eventu¬ 
ally to extend this network in time and to add further launching sites, 
particularly launching sites in the polar and equatorial regions and in 
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Europe. Such a network will permit the upper-air analysis to be 
effectively extended above the level of the balloon network. 

Ionospheric Densities and Winds. Above the level of the meteoro¬ 
logical rocket it will be necessary to probe the ionosphere to obtain 
densities and winds as high as possible. It has been demonstrated that 
rocket-borne instruments can effectively measure density to 200 km or 
slightly higher. These direct measuring devices can also determine 
the composition of the atmosphere in some cases, to be referred to 
later. 

The measurement of winds in the ionosphere has been achieved by 
creating various kinds of luminous trails (particularly luminous trails 
of alkali metals) and by tracking the motion of these trails. This 
technique has already been demonstrated and will be referred to in more 
detail under the class of photochemical experiments. 

Above 200 to 250 km the direct measurement of densities from rockets 
becomes virtually impossible, except by certain optical techniques in 
which the distribution of specific constituents of the atmosphere can be 
determined by absorption measurements, i.e., by measuring the solar 
radiation in the ultraviolet which reaches a given level, from which the 
total depth of absorbing gas above that level can be determined. These 
absorption measurements can in principle be extended to very great 
altitudes. 

The use of satellites for measuring atmospheric density is well known, 
and at present our knowledge of density above 250 km is based almost 
entirely on satellite drag measurement. While these densities are 
extremely useful in understanding the atmosphere, it will be necessary 
to refine such measurements if we are to measure short-term changes in 
density, for at present the density measured by satellites refers to the 
entire region of perigee and usually requires more than one orbit for 
a determination. 

Composition. The measurement of the atmospheric constituents by 
means of rockets up to 200 km has already been demonstrated by the 
use of mass spectrometers and by solar-absorption techniques. Because 
atmospheric composition changes drastically above 100 km and because 
these changes must vary with solar activity and latitude, it is important 
to obtain such measurements at various latitudes and throughout a sun 
spot cycle. It is believed that optical measurements of partial pressures 
of atmospheric constituents can give information on the composition of 
the atmosphere to extreme altitudes. Measurements of density in the 
high atmosphere, whether by rockets or by satellites, can be of only 
marginal use in determining conditions in the upper atmosphere without 



162 


THE EARTH 


a concurrent knowledge of the composition, since distribution of density 
gives only distribution of scale height and not kinetic temperature. 

4. FREE ELECTRONS AND IONIZATION 

Measurements need to be made of certain particular regions of the 
ionosphere at particular times. One such region is the F-2 over the 
magnetic equator, where the behavior of the free-electron density is 
different from its behavior in other latitudes. Another important zone 
of the ionosphere is the D and E region during periods of polar blackouts 
and sudden ionospheric disturbances: during these periods there is a 
marked enhancement of the ionization in these lower parts of the iono¬ 
sphere, and there are practical as well as scientific reasons for wishing to 
observe these events by means of rockets. 

The distribution of atmospheric ions is of theoretical importance for 
an understanding of the physics of the ionosphere. Ion distributions 
have already been measured at Fort Churchill during the IGY, and 
interesting variations from day to night have been observed. These 
observations should be extended to other latitudes and should be made 
during various seasons. 

Ionospheric observations during a solar eclipse are extremely valuable 
for determining the rates of ionization and decay times—this type of 
observation, in which a rocket can be fired into the moon’s shadow with 
some precision, is a unique use of the rocket vehicle, and it has already 
been demonstrated by the Naval Research Laboratory during the solar 
eclipse in the South Pacific in October, 1958. 

The charge on a vehicle in the ionosphere is determined by the balance 
between the flow of free electrons and positive ions between the surround¬ 
ing plasma and the skin of the vehicle. This charge is partly deter¬ 
mined by artificial electric fields produced by radio antennas and partly 
due to thefree-electron temperature. In the absence of radio transmissions 
the free-electron temperature will be the factor determining vehicle 
charge. Several techniques have been developed for measuring free- 
electron temperatures, such as the University of Michigan’s bipolar 
probe and the Air Force Geophysics Research Directorate’s ion trap, 
and it will be of value to extend these measurements of electron 
temperatures. 

The theoretical understanding of the ionosphere depends on a knowl¬ 
edge of the rates of recombination of electrons and various ions and 
rates of electronic attachment. Currently, balloons carrying thermistors 
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with special coatings have been able to measure certain recombination 
rates, and a possible next step is to extend these experiments above 
MO km with rockets. The measurement of free-air conditions with 
rockets following a high-altitude atomic explosion, as has already been 
tried to a limited extent, would also give valuable information on reac¬ 
tion rates in the upper atmosphere. 

5. MAGNETIC MEASUREMENTS 

The measurement of the distribution of magnetic field in the vertical 
gives a measure of the flow of electric currents in the atmosphere. Such 
measurements have already revealed some surprising electric currents, 
such as the double equatorial electrojet and the complex flow of currents 
in the auroral zone. Since these electric currents are extremely variable 
from place to place and from day to night and change with magnetic 
activity, their measurement over a wide range of latitudes and times 
(preferably on a synoptic basis) would allow their patterns to be better 
understood. Because these electric currents are linked with the wind 
systems in the ionosphere, an understanding of them will also reveal 
something about the ionospheric circulations. 

One region of the geomagnetic field shows an anomalous distribution, 
namely, the region over South Africa. It has been suggested that a 
determination of the magnetic field over this South African anomaly 
could be measured by a magnetometer flight to about 1000 km or more. 

An exploratory flight above the F region to measure the energy spec¬ 
trum of very low frequency electromagnetic or hydromagnetic waves 
would be of great potential value. At present the presence of such 
hydromagnetic waves in the range from a fraction of a cycle to 100 kc 
has been postulated, but no direct evidence exists. Since the range and 
intensity of these waves are unknown, an exploratory measurement with 
broad-bandwidth telemetering is indicated before more extensive measure¬ 
ments are attempted with satellites. 

6. PHOTOCHEMICAL EXPERIMENTS 

The ozone region in the stratosphere is the product of a photochemical 
process. The greater part of this region is accessible to balloons, and 
rockets would be valuable only for observations of the upper part of the 
ozone region. At higher levels the presence of the molecules OH and 
NO at 80 to 100 km is of considerable importance in determining the 
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radiative-heat balance and the ionization of the upper atmosphere. 
Both of these constituents can be determined either by mass spectro- 
graphic methods or by observing their emission lines. Oil in particular 
has a strong emission in the near infrared which could be measured from 
rockets. 

Of prime importance in determining the composition of the ionosphere 
is the distribution of atomic oxygen (starting at around 80 km) and of 
atomic nitrogen (starting at a higher altitude). Atomic oxygen has 
strong emissions in the visible, and observations by rockets of the 
distribution of this emission would be of value in determining its role 
in the upper atmosphere. 

A technique which has been used extensively by both the Air Force 
Geophysics Research Directorate and NASA has been to seed the upper 
atmosphere with various chemicals that either react with the atmosphere 
or fluoresce in sunlight. When alkaline metal vapor such as sodium or 
cesium is sprayed into the ionosphere at twilight, the intense glow of 
this trail can be easily recorded on the ground photographically. The 
rate of expansion of such a trail gives the diffusion rates in the ionosphere. 
Turbulence exists below about 105 km, but above this height the diffusion 
appears from past measurements to be molecular diffusion. Further¬ 
more, by measuring the profiles of the resonant emission lines, it is 
possible to determine atmospheric temperature, for the alkali metal 
atoms quickly come to thermal equilibrium with their surroundings. 
Cesium, because of its low ionization potential, causes enough local 
ionization to permit the cloud to be observed by low-frcquency 
radar. 

The use of hydrocarbons (such as ethylene and CII 2 C1 2 ) instead of 
the metals causes an emission by photochemical reactions with the 
active gases in the ionosphere. At lower levels the reaction with atomic 
oxygen presumably dominates; at higher altitudes in the ionosphere the 
reaction with atomic nitrogen, producing the CN bands, will predomi¬ 
nate. At present the cross sections of these reactions are poorly known, 
but in principle it should be possible to determine the relative distribu¬ 
tions of atomic oxygen and atomic nitrogen from the intensities of these 
various emissions. 

This technique for determining winds and diffusion rates can be used 
to altitudes of 300 to 400 km and perhaps can be extended to still great er 
altitudes. The tracking of these trails to determine winds in the iono¬ 
sphere is so far the only means which has been used for wind determina¬ 
tions above about 90 km, and the possibility of measuring motions in the 
atmosphere throughout the ionosphere is extremely inviting. 



ROCKET RESEARCH AND THE UPPER ATMOSPHERE 


1 65 


7. SOLAR, AURORAL, AND TRAPPED PARTICLES 

While satellites and space probes have been able to map the features 
of the great radiation belts surrounding the earth, there is still much to 
be learned about the charged particles which move in this region. In 
particular, the following exploratory measurements with rockets seem 
to be indicated. 

The energy spectrum of particles in the radiation belt is not known 
below some tens of thousands of electron volts, and the measurement 
of the energy spectrum down to the order of a few electron volts would 
be of great value. 

It would be useful to make observations in the vertical of the distribu¬ 
tion of particles with direction and with energy over the equator. Such 
a measurement would require a very large bandwidth and sophisticated 
techniques for measuring the energies and directions simultaneously. 

While a satellite can measure the large-scale variations in the outer 
radiation belt, its rapid motion does not permit it to discern the dif¬ 
ference between small-scale variations and changes in time. A rocket 
probing through this region at relatively slow speeds would be able to 
observe the fine structure of the outer radiation belt. In order to do 
this usefully the sounding rocket would have to go out to several earth 
radii. 

Recently the presence of energetic protons accompanying magnetic 
storms has been detected at balloon altitudes. These bursts of energetic 
particles from the sun which enter the earth’s atmosphere have been 
cited by some as a major contributor to the phenomenon of the polar 
blackout. Since balloons are not high enough in the atmosphere to 
observe the original flux of particles, rockets are clearly indicated to 
measure these particles, and since the influx can be predicted to some 
extent, it will be possible to station these rockets in the ionosphere at 
the appropriate times and places. 

Perhaps in no other field of upper-atmosphere research has the scientist 
been faced with so many surprises. Therefore this would be a good 
place to insert the rather obvious suggestion that upper-atmosphere 
research with rockets should be flexible and should be ready to exploit 
discoveries of unsuspected phenomena as they are uncovered. 

8. COSMIC RAYS 

The use of stacked emulsions to observe cosmic rays has been standard 
in this field for a long time, and such stacks have been flown on balloons 
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in order to measure the heavy component of the cosmic-ray flux. How¬ 
ever, at 30 km there is still some 6 g per cm 2 above the balloon, and 
these heavy particles with their large cross sections are seriously hampered 
in reaching the detector. The use of rockets to carry such emulsion 
stacks above the atmosphere is clearly indicated, and “pickaback’' rides 
of emulsions in rockets have already given considerable information 
about the flux of heavy primaries. It is suggested that rockets devoted 
primarily to carrying emulsions aloft would allow optimum exposure of 
the emulsion pack and would greatly increase the usefulness of such an 
experiment. Since the trapped particles in the radiation belt cause 
large numbers of proton tracks in the emulsion, it is important to stay 
below the radiation belt in such measurements. Clearly, the recovery of 
these packages is required for the success of such an experiment. To 
give some idea of the amount of information obtained by this technique 
in a rocket flight, it is estimated that about 50 heavy particle tracks are 
observed in a 3-by 3-in. area during a rocket flight at the latitude of 
White Sands Proving Ground. There would be fewer at the equator and 
more near the poles. The ideal arrangement would be to have very 
large blocks weighing several hundred pounds in which an entire 
cascade reaction could be observed. Such blocks have been flown on 
balloons but never on a rocket. 

9. OPTICAL OBSERVATIONS OF THE SUN AND STARS 

Because of the tremendous storage capacity of photographic film, the 
use of rockets and the recovery of their payloads are indicated for 
optical observations. Recent rocket photographs of the sun in the 
Lyman-alpha region of the ultraviolet have emphasized the tremendous 
inhomogeneity of the solar disk, so observations of the sun in the ultra¬ 
violet and X-ray regions should be made with as much detail as possible. 

Although many observations of the solar spectrum have been made in 
the ultraviolet, the region from 100 to 1000 A needs further study. This 
region between the X ray and short ultraviolet is a difficult one in which 
to investigate because optical systems and detectors are hard to come by 
which can work in this region. It will be particularly important to 
determine how this radiation changes with solar activity. 

Rocket observations of the X-ray region in the last few years have 
demonstrated that the sun’s output of X rays changes markedly with 
solar activity. In fact, many of the phenomena in the upper atmosphere 
which accompany solar activity have been traced to these changes in 
X radiation. Therefore further exploratory measurements of X rays 
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during periods of solar activity and solar quiet, particularly in the very 
far X-ray region where the flux is greatly reduced, are clearly indicated. 
Following these exploratory observations, the use of satellites for con¬ 
tinuously monitoring the solar output would be preferable. 

Rocket observations at night of ultraviolet radiation in the region of 
the spectrum from about 1230 to 1350 A have shown great variations 
which are presumably due to intense nebulosities. Such observations of 
variations in the ultraviolet emphasize the need for many exploratory 
observations at other wavelengths in order to determine the radiation 
distribution from the universe. Such exploratory observations should 
precede the establishment of a satellite observatory. 

A similar exploratory survey of radio emissions and solar noise below 
the ionospheric cutoff at about 10 Me is also of great potential interest. 
There is also the possibility of detecting the synchrotron radiation 
(presumably at around 1 Me) from the trapped particles in the radiation 
belts. 

10. OPTICAL OBSERVATIONS OF THE EARTH 

With the advent of meteorological satellites a great deal of interest 
will be displayed in interpreting rather low resolution television pictures 
for their meteorological content. In order to understand these pictures 
better it will be necessary to compare them with the real meteorological 
situation as observed from the ground, and it would also be highly 
desirable to compare them with high-resolution pictures obtained by 
conventional photography from rockets. A few such comparisons will 
probably aid greatly in the interpretation of cloud pictures from extreme 
altitudes. 

Another potentially useful optical observation of the earth would be 
that of the visual aurorae from rockets at night. Auroral observations 
from the ground reveal the character of just one sector of the auroral zone 
at a given time: a rocket observation from several hundred miles would 
reveal the entire pattern of the auroral zone, showing the arrangement 
of the auroral rays and arcs. 
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SATELLITES AND THE UPPER ATMOSPHERE 

A. H. Shapley and O. G. Villard, Jr. 


1. INTRODUCTION 

It is of great interest to know more about the boundary region 
within which the Earth’s atmosphere blends into the near vacuum of 
outer space. At some altitude light gas molecules are no longer restrained 
by the Earth’s gravitational field, and they diffuse or are propelled 
outward. On the other hand, other solid and gaseous particles are 
intercepted and picked up by the Earth, in the form of meteorites, 
micrometeorites, cosmic dust, and hydrogen gas from the Sun. 

If it is possible to make a meaningful distinction between “outer” and 
“inner” atmosphere, a dividing line might be drawn at an altitude at 
which the electrical conductivity of the atmosphere becomes significant. 
Beginning at a height of roughly 80 km, an appreciable proportion of 
the atmosphere becomes ionized, with the result that the Earth’s magnetic 
field begins to exert a powerful effect on the physical properties of the 
region. 

Ionization is important at these altitudes because the free electrons 
have an appreciable lifetime between collisions. Electrical conductivity 
is accordingly high. Molecular collisions are so infrequent that sound 

waves of the conventional type can no longer propagate. Thus pro- 
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found changes in physical properties occur as altitude increases: at 
250 km roughly 1 part in 10,000 of the gas is ionized; at .1000 km or so, 
virtually every atom is ionized. 

Because of the practical importance of the state of ionization of the 
outer atmosphere, and because the free electrons have thus far been the 
easiest quantity to measure by direct experiment, this section will be 
concerned primarily with ionization and its behavior and the ways in 
which rocket and satellite experiments can increase our knowledge of 
the region. 

2. PRACTICAL IMPORTANCE OF BETTER KNOWLEDGE OF THIS REGION 

The practical benefits which may result from better understanding 
of the outer atmosphere may be summarized as follows: 

1- The possibility exists that weather in the troposphere may in some 
way be affected by changes occurring in the ionosphere. By observing 
variations in the state of the ionosphere, it may be possible to sense 
changes in incident solar radiation, and physical reactions produced 
thereby, which are capable of producing important effects at lower 
altitudes where direct measurement of the radiation variations may be 
difficult or impossible. 

2. Electric currents flowing in the ionosphere are responsible for 
changes in the direction and magnitude of the Earth’s magnetic field 
as measured at the surface. The accuracy of navigation and guidance 
systems which depend on measurement of the Earth’s magnetic field 
can be improved by better knowledge of the ionospheric current systems. 

3. The electrons of the ionosphere are capable of bending radio waves 
used for accurate guidance of space vehicles and probes. Although the 
effect is minimized by raising the operating frequency, it is nevertheless 
of importance at frequencies of the order of hundreds of megacycles if 
very accurate control is required in situations where the line of sight 
passes close to the horizon. 

4. Since space vehicles leave the Earth and return through the outer¬ 
most layers of the atmosphere and since reliance is placed on this thin 
gas for vehicle-braking purposes on reentry, it is of obvious importance 
to know the density, the chemical composition, and the electrical state 
of the region. In addition to problems ol heat exchange during reentry, 
there is the very practical problem of communication failure at certain 
altitudes caused by antenna mismatch and shielding resulting from an 
ionized shell formed around a reentering vehicle. 

Bombardment by atmospheric particles can be expected to have an 
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effect on sensitive portions of the skin of space vehicles (for example, 
solar cells). The extent of damage by this means will depend on the 
chemical state, as well as the composition, of the gas particles. 

5. The possibility exists that it may be possible to utilize solar energy, 
stored chemically in the ionosphere, as a means of propulsion for vehicles 
“ flying,” or almost orbiting, at relatively low altitudes. 

6. Better knowledge of the environment immediately outside the 
atmosphere may also have an effect on techniques for spaceship propul¬ 
sion. For example, could any of the material of space (hydrogen, 
meteoric dust, etc.) be scooped up and ejected at high velocity from the 
“exhaust” of a nuclear-powered engine so as to provide thrust? 

7. There is great room for improvement in the utilization of the iono¬ 
sphere for radio-communication purposes. At the present time, serious 
interruptions are caused by unpredictable magnetic disturbances and 
fade-outs. Better understanding of these unheard, invisible “storms” 
should lead to better predictions and to the development of useful 
means for avoiding circuit outages. 

8. The possibility of artificial control of the ionosphere is very real. 
It has already been demonstrated that only 20 kg of chemicals, released 
from a rocket at a height of 110 km, can create a small reflecting layer 
where none existed before. 1 Radio energy, beamed upward from the 
ground, can, in principle, accomplish the same effect: 2 in fact, in this 
atomic age, the power required to support a useful glow seems not at all 
exorbitant. It has been shown, for example, that artificial aurorae—in 
both Northern and Southern Hemispheres—can be caused by relatively 
small nuclear bursts in the ionosphere. 3 


3. THE ROLE OF SATELLITES IN IONOSPHERIC RESEARCH 

To gain a better appreciation of the possibilities for ionospheric 
research using rockets and satellites, it is helpful to review the principle 
sources of experimental data obtained in the past. 

1. Nonradio techniques 

a. Observations of absorption of the solar spectrum and of solar- 
excited chemicals in the ionosphere (e.g., the twilight sodium 
flash) 

b. Observations of meteors and noctilucent clouds 

c. Observations of the aurorae 

d . Observations of the nighttime airglow and of the gegenschein 
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e. Studies over very long distances of the propagation of sound 
waves from blasts 

/. Measurement of daily tidal pressure variations 

2. Radio techniques 

a. Observations on ordinary radio transmissions: fading, polariza¬ 
tion, direction of arrival, correlation, signal loss, etc. 

b. Observations using special transmissions: pulsed or special 
soundings whose back-scattered echoes from the layers directly 
or indirectly can be observed from illuminated regions on the 
ground 

c. Observations in which the nonlinearity of the ionosphere is 
exploited (e.g., the “Luxembourg effect”) 

d. Observations of signals passing through the ionosphere: cosmic 
noise (and the like) and echoes from the Moon; Faraday rotation 
of such signals 

e. Observations of thermal and other radiation from the ionosphere 

The advantages and disadvantages of these various methods are more 
or less self-evident. The nonradio techniques are hampered by the 
existence of atmosphere below the region whose properties are under 
study, and it is not easy to separate the effects due to a particular region 
from those introduced by its neighbors. 

Radio techniques using pulses enjoy the advantage that range resolu¬ 
tion is ordinarily sufficient to isolate the area or layer under study. 
However, the radio data are not always easy to interpret since they show 
an apparent delay only, and the true height at which reflection occurs 
may be markedly different. It is normally necessary, for example, to 
use a moderately involved computational procedure in order to obtain 
in a reasonable estimate the true height of the ionospheric F region. 

Measurements made with the aid of cosmic noise are useful for studies 
of refraction, absorption, and scintillation (radio star “twinkling”), but 
are not useful for certain types of measurements because the signal is 
incoherent. By observing the Faraday rotation of the plane of polariza¬ 
tion of radar signals reflected from the Moon, a value for integrated ion 
density can be obtained for that portion of the path where the Earth’s 
magnetic field is of finite strength. Beyond that point—which is fairly 
close to the Earth—this technique gives no data. 

Pulse sounding of the radio-reflecting layers can give good information 
up to the height at which the maximum electron density is found. But 
if the wave is able to penetrate beyond this level, it will pass on through 
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and not return. The regions above the electron density maximum can 
be studied by cosmic noise and radar signals reflected from the Moon, 
but the problem of height identification again arises. 

Ground-based measurements have the advantage of low cost and 
relative simplicity, plus the ability in many cases to obtain data con¬ 
tinuously. On the other hand, these techniques are for the most part 
limited in geographical coverage except during such special efforts as the 
International Geophysical Year. Much of the purely local behavior of 
the ionosphere has already been learned; much still remains to be found 
out about its global characteristics. It is now appreciated, for example, 
that the extent to which the outer ionosphere of the Northern and 
Southern Hemispheres are tied together by the Earth’s magnetic field 
is very great. 

Irrespective of the technique of investigation, study of the ionosphere is 
complicated by the fact that the physical conditions prevailing there 
cannot readily be duplicated and studied in the laboratory. For exam¬ 
ple, the pressure at 300 km is of the order of 10~ 6 mm Hg, and the 
molecular mean free path is in the vicinity of 10 km. In addition to 
the problem of providing a test chamber large compared with a mean 
free path, there is also the difficulty of duplicating in the laboratory the 
complex flux of radiant energy which is constantly present in the 
ionosphere. 

Against this background, the advantages of rocket- and satellite-borne 
measurements stand out very clearly. The rocket is capable of exploring 
a cross section through all height regions and is extremely useful for 
experiments of short duration. Satellites come into their own above 
300 km. Below this altitude, their lifetime becomes too short to be of 
practical value. For experiments requiring long durations, wide geo¬ 
graphical coverage, and wide variations in altitude, the satellite cannot 
be matched. 


4. PHYSICAL QUANTITIES TO BE MEASURED 

At this point it may be useful to list the types of information that it 
would be desirable to have about the ionosphere. It would be helpful 
to know the following as a function of altitude: 

1. The relative number per cubic centimeter of electrons, gas molecules 
by types, gas atoms, negative and positive ions, and radicals 

2. The particulate material received from outside 
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3. Statistical motions of all particles (temperature, diffusion rate, 
collision rate, recombination rate) 

4. Mass motions of particles such as winds, tides, and turbulence 

5. Chemical and electronic state of particulate matter (degree of 
excitation, ionization, nature of the ionizing reactions, etc.) 

6. Electric-current flow 

7. Magnetic field strength and direction 

8. Radiant energy received from outside as well as any radiation 
generated in the region 

9. The variation of all these quantities with time and geographical 
position 

5. THE GENERAL TYPES OF EXPERIMENTS THAT APPEAR TO BE POSSIBLE 
5.1 Atmospheric Density 

A measurement of the drag encountered by a satellite, especially as it 
reenters the atmosphere, can be used to determine total density provided 
the drag coefficient is known. The effect of drag shows up as a change 
in the speed or period of the satellite which becomes pronounced and 
hence readily measurable as the end of the satellite’s life approaches. 
The order of magnitude of area-to-mass ratio of satellites launched thus 
far has been such that they have burned up at altitudes of the order of 
100 km. 4 Reasonably good information is accordingly available about 
drag in the 100- to 200-km height range. To investigate drag at higher 
altitudes, a larger area-weight ratio is needed. Attempts have been 
made to launch satellites consisting of metallized balloons made of 
mylar plastic in two sizes—10 and 100 ft in diameter. Since it is 
impractical to equip such lightweight objects with radio beacons, reliance 
must be placed on radar or optical sightings for tracking purposes. 
Since the lifetime of the balloons will be short (depending on the altitude 
of the orbit chosen), tracking adequate for deceleration measurements 
presents a challenge. 

There is evidence that changes in solar activity can affect the density 
of the upper atmosphere to an extent which can be measured as a change 
in the rotation period of satellites. 5 

Interpretation of drag measurements is complicated by uncertainties 
concerning the temperature and composition of the region and by any 
charge which might be acquired by the satellite. However, the answer 
obtained is directly usable in practical situations. 

Other approaches to the problem of measuring atmospheric densities 
include pressure gauges, mass spectrometers, and Langmuir probes. All 
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suffer from certain difficulties of interpretation resulting from the effect 
of the satellite itself on the gas in the immediate vicinity and any charge 
the satellite may acquire. 

5.2 Ionization Density 

Of the various methods for measuring ionization density as a function 
of height and position, three techniques seem to have found the most 
favor thus far: (1) probe measurements at the satellite itself, (2) measure¬ 
ments performed on the ground with the aid of radio signals radiated 
from the satellite, and (3) measurements made with an ionospheric 
sounder in the satellite. 

Probe measurements take advantage of changes in the properties of 
the medium surrounding the satellite which are caused by the presence of 
a plasma. In a Langmuir probe, both electrons and ions can be counted. 
The change in impedance of an antenna immersed in a dielectric can 
be sensed. (An especially strong change occurs when the probe fre¬ 
quency coincides with a plasma resonance frequency.) Finally, the 
local dielectric constant can be deduced by measuring the ratio of the 
electric vector E and the magnetic vector H in an incident very low 
frequency (VLF) electric wave. The ratio of the two gives the local 
refractive index and hence the ambient electron density. 

Probe measurements of electron density are subject to the same uncer¬ 
tainties which complicate other probe measurements in the vicinity of a 
vehicle: for example, the local situation may be complicated by the 
release of adsorbed gas by the vehicle, contact potentials, thermoelectric 
and photoelectric effects, and interference from the vehicle’s own tele¬ 
metering transmitters. 

With the aid of beacon signals it is possible to measure refraction 
caused by the ionosphere, the change in polarization (Faraday rotation), 
and the Doppler frequency shift caused by satellite motion as a function 
of the time. Uncertainties exist in all three techniques because the 
paths followed by the two magnetoionic signal components are not 
precisely alike. In any event an integration of the ion density between 
ground and satellite is obtained—a quantity rather less informative 
than ion density at a particular level. 

Since the level at which a satellite flies is not in general constant, it is 
possible to build up over a period of time a picture of integrated electron 
density versus height. This can be extended above the F-layer ion 
density maximum by subtracting out the part below the maximum which 
can be obtained with good accuracy by means of vertical-incidence 
sounders on the Earth. 
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An intriguing possibility is that of sounding the ionosphere from above, 
by means of sweep-frequency equipment in a satellite. Because of the 
ease with which the information could be obtained and recorded in 
such an experiment and because of the comparisons which would be 
possible with soundings from below, this experiment is regarded as one 
of the most potentially valuable of those which can be made in a satellite. 
In principle, the entire world can be surveyed in this way by one sounder 
in a comparatively short interval of time. Furthermore, if valleys in 
the electron distribution above the F-layer maximum are found, it may 
be possible by varying the altitude of the satellite to obtain reflections 
within such valleys. 

5.3 Chemical Composition 

Measurements of the chemical composition of the ionosphere are 
complicated by the extraordinarily tenuous nature of the matter in the 
region. The methods most suitable appear to be those using mass 
spectrometers and ion probes, along with measurement of solar radiation 
reflected or scattered by the resonant lines. This work has already 
yielded a new estimate of the amount of hydrogen in the upper atmosphere 
and its degree of excitation by the Sun. 6 Once again, the local probe 
measurements are subject to ambiguities, and in absorption studies there 
exists uncertainty as to the location of the emitting or absorbing region. 

5.4 Radio-frequency Radiation and Transmission 

It should be possible to study the radio-frequency radiation in and 
above the ionosphere with great effectiveness using satellites. The 
evidence now seems quite good that the source of the so-called VLF 
emission lies in the exosphere and is a consequence of an interaction 
between high-speed ionized particles falling into the outermost atmos¬ 
phere in the presence of the Earth’s magnetic field. 7 These signals fall 
for the most part in the audible frequency band. It has recently been 
demonstrated that detectable radio energy in the 70-M.c frequency 
range is generated within the ionosphere itself during certain types of 
disturbances, 8 possibly by bremsstrahlung associated with bombardment 
by extraterrestrial matter. The altitude at which radio energy of these 
types is generated could in all likelihood be determined by means of 
orbiting receivers. 

The ability of satellites to remain above the ionosphere for appreciable 
periods of time makes it possible to study the cosmic-noise background 
level at those low frequencies at which the ionosphere is normally an 
effective shield. It is not at the moment possible to predict the intensity 
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and type of extraterrestrial radiation which may come to light during 
such a search. If cosmic noise proves at least as strong at the low 
frequencies as it is in the frequency ranges at which it has been studied, 
it may be useful as a test signal with which to study the ionosphere itself. 
For example, the radio frequency at which such radiation is cut off by 
the electrons lying at an altitude higher than that at which the vehicle 
is flying should yield a useful value for the ion density close to the 
vehicle altitude. 

An experiment of this type which has considerable interest is one in 
which a VLF receiver, tuned to a transmitter on the Earth, is carried 
in a satellite. The receiver output is telemetered to the ground. It 
has been discovered within the past few years that VLF signals can 
penetrate the ionosphere by what has come to be called magnetoionic 
duct propagation. Such signals are guided by the lines of force of the 
Earth’s magnetic field and travel back and forth between the Northern 
and Southern Hemispheres. It is now known that both man-made 
signals and radio energy from lightning flashes can be propagated in this 
way with surprisingly low attenuation. What is not known is precisely 
how this radio energy enters the ionosphere and why it is so strongly 
guided by transient columns or shells of ionization. The source of 
these columns and their other characteristics are of very great scientific 
interest. During its circuits around the globe a satellite will have a good 
probability of intercepting one of these shells and perhaps of mapping 
its significant features. Whether such whistler-mode propagation 
actually extends between Earth and Sun (at least for latitudes north and 
south of the northern and southern auroral zones, respectively) as some 
have postulated, is a matter to be settled. 

5.5 Irregularities 

Satellites offer an attractive means for exploring spatial irregularities 
in the ionosphere such as those occurring near the auroral zone. For 
the most part these irregularities have a moderately long lifetime, so 
that it becomes possible to delineate them by noting changes in radio 
transmission from the satellite as the line of sight sweeps past the irregu¬ 
larity. Both phase path, Doppler shift, and refraction changes will 
serve as indications of an irregularity. Since the irregularities do not 
in general endure for periods of hours, the precise localization and 
delineation of a specific irregularity by this technique is difficult, although 
simultaneous measurements at more than one receiving site are of 
material assistance. The altitude at which irregularities of a given 
kind are likely to occur may, of course, be obtained with fair accuracy. 
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5.6 Dynamic Motions 

Dynamic motions of the ionosphere can to some extent be studied with 
the aid of small clouds of vapor which, when released from a satellite, 
glow with sufficient intensity to permit motions of the cloud to be 
followed optically. Sodium vapor is practicable for studies of this sort, 
having been used successfully within the E layer of the ionosphere over 
New Mexico 9 and by the Russians both inside and outside the ionosphere, 
as in their first Moon rocket. In each instance the sodium was caused 
to glow by incident sunlight. 

5.7 Photochemistry 

It should also be possible to survey from a satellite observing platform 
auroral displays, zodiacal light, and the night airglow. The great 
advantage of this technique is the ability to survey virtually the entire 
atmosphere of the Earth in a limited interval of time. On the other 
hand, such a synoptic survey may have to be done at the expense of 
resolution, and attitude stabilization will be an important consideration. 
For measurements of dayglow, balloons or rockets appear more practica¬ 
ble than satellites, for a platform riding substantially above the atmos¬ 
phere will see too much reflected sunlight, except possibly in the infrared. 

From a satellite laboratory, it should be feasible to investigate the 
ultraviolet and infrared spectrum of the night airglow and the aurora as 
well as the bright emission lines which have been studied from the ground. 
Because of the absence of atmospheric scattering, twilight-zone measure¬ 
ments at these altitudes should be especially fruitful. It will also be pos¬ 
sible to search for metallic resonance lines in the ultraviolet in order to 
establish the presence of small traces of various elements. Atmospheric 
calcium and lithium have recently been discovered in this way in the 
photographic spectrum. 

The cooling of the F layer of the ionosphere could be investigated by 
measurement of radiation from atomic oxygen. Similarly, the oxygen 
red lines should be very bright in the day airglow and should give direct 
information on the rate of recombination in the F layer. 

In the far ultraviolet region, lines from atomic oxygen should be strong 
and should provide a means for estimating the abundance of atomic 
oxygen as a function of height. 

All these measurements can, of course, be performed at selected loca¬ 
tions by rockets. World-wide measurements in satellites will probably 
require control of the vehicle attitude in order to be worthwhile. 
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5.8 Artificial Control of the Ionosphere 

The effect of nuclear bursts on the ionosphere is considerable. 10 Much 
can be learned about the dynamics and the composition of the ionosphere 
from such experiments, and satellite-borne equipment is ideally suited for 
conducting measurements, because the duration of major ionospheric 
changes is of the order of hours or tens of hours. 

An important drawback of the principal competing method, namely, 
radio echo sounding, is the fact that because of retardation, refraction, 
and focusing effects, the apparent height of a given reflection is often very 
different from the true height at which the reflection takes place. Thus 
satellites which travel in the affected region and which can make measure¬ 
ments which are free of this ambiguity will play an important role. Small 
detonations in the ionosphere, using both conventional and nuclear 
bursts, provide the first opportunity to explore the response of the gas at 
F-layer heights to a large impulse of short duration. Although meteors 
do provide this type of excitation at E-layer heights, they are relatively 
unsatisfactory as probes because their physical and chemical properties 
are not known in advance. 

5.9 Radio-wave Propagation 

A pressing problem in radio propagation is the spatial distribution of 
the absorbing regions in the D layer of the ionosphere which are asso¬ 
ciated with the aurora and which are responsible for polar communication 
“blackouts.” This extra ionization, occurring at a height level at which 
the collision rate, and hence radio-wave loss, are high because of the high 
gas pressure, is now known to be due to X rays created by particle bom¬ 
bardment of the outer ionosphere. Since '* polar blackouts ” are isolated, 
localized events, it may be possible to avoid them and thereby maintain 
communication if the characteristics of a blackout (such as its intensity 
and geographical extent) could be predicted. For research on polar 
blackouts and the way in which they are related to particles entering the 
atmosphere (perhaps via the outer Van Allen trapping region), satellites 
should provide a virtually ideal vehicle. 

It seems likely that a future system of satellites carrying radiation 
monitors, and orbiting the Earth at very great distance, could provide 
early warning of an impending solar disturbance and thus substantially 
reduce ionospheric communication outage time. 

The effect of the ionosphere on communication between orbiting 
vehicles is in urgent need of exploration. Under conditions where radia- 
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tion from a vehicle falls upon an ionized layer at nearly grazing incidence, 
the bending power of the layer becomes very high. (The effect is analo¬ 
gous to the optical mirage.) For communication via the F layer between 
two points located on the Earth, the highest normally usable radio fre¬ 
quency is approximately 30 Me. It is not known how high this figure 
may be extended when the source and the receiver are located underneath 
or within the layer. It seems likely that the maximum usable frequency 
will then be essentially limited by the spatial inhomogeneities within the 
layer and that the familiar “secant law” for computing maximum 
usable frequencies from vertical incidence measurements no longer has 
application. 

In some situations this bending power may be useful, for example, in 
VHF communication between satellites; in others, for example, guidance 
and control, it may prove quite detrimental. 

6 . THE FUTURE 

Studies of the ionosphere and the exosphere with the aid of rockets and 
satellites can be expected eventually to make this region as familiar to us 
as the lower atmosphere. Progress can be expected to speed up con¬ 
siderably as experience is gained and as technology improves, because of 
the way in which measurements interlock: for example, once temperature 
is known, drag can be interpreted with greater accuracy. When some 
form of control over satellite attitude and relative position with respect 
to other satellites becomes practicable, it will be possible to do a variety 
of very important studies with the aid of two cooperating satellites. 
Two vehicles, traveling at the same altitude within line of sight of each 
other, would permit a wide variety of electromagnetic radiation experi¬ 
ments wherein a source at one vehicle would transmit to a receiver at the 
other. Such experiments, if properly designed, offer the possibility of 
minimizing uncertainties arising from contamination or disturbance of 
the air in the immediate vicinity of the satellites themselves. Further¬ 
more, altitude uncertainty is eliminated. The range of wavelengths of 
the radiation useful for such experiments would be very great. An 
interim version of the same experimental approach would call for the 
automatic ejection, from a given satellite, of small expendable instrument¬ 
carrying packages which could provide transmission data during the brief 
interval after ejection. 
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THE MOON 

Harold C. Urey 


1. INTRODUCTION 

The Moon is an old object, according to our present ideas, and has 
undergone less modification during the course of geological history than 
have the Earth, Mars, and Venus, in all probability. Violent processes 
of a peculiar kind have left their marks on its face, namely, shallow craters 
which today we believe were mostly produced by the collisions of objects 
on its surface. At the turn of the century, the idea of Sir George Darwin 
that the Moon separated from the Earth was generally accepted. But in 
the first decade of this century, Moulton of Chicago showed that this 
theory was most improbable. This view was later accepted by Jeffreys, 
and since the thirties all students of the subject have abandoned Darwin’s 
hypothesis. 

The Moon appears to be one object which was not accumulated by the 
Earth during its own formation from solid objects. It appears that 
objects similar to the Moon contributed, in part, to the formation of the 
Earth—together, in all probability, with other objects containing con¬ 
siderably larger amounts of the element iron than is characteristic of the 
Moon. There has been no erosion by running water on the Moon; in 
this way it is quite different from the Earth, and if Mars and Venus had 
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oceans at some time in the past, it is quite different from these planets 
as well. We therefore can expect that it has retained more of the history 
of the last 4.5 billions of years than is characteristic generally of the 
planets. From this point of view the Moon is a much more important 
object of investigation than are the planets. 

The density of the Moon is 3.34 as determined merely by its mass and 
its observed radius. By estimating the density of the material of the 
Moon at ordinary temperatures and pressures (making reasonable 
assumptions of the coefficient of expansion and compressibility), it is 
possible to get some idea of its composition. The result of such studies 
indicates that the Moon probably has considerably less iron than the 
Earth and, in fact, may have considerably less than is recorded in the 
usual abundance tables of the elements. This would seem to indicate 
that the Moon may have the same composition as the Sun with respect 
to the nonvolatile fraction of the elements. Astronomical observations 
on the abundances of elements in the Sun favor lower concentrations of 
iron at the present time, and to find an object in the solar system which 
would agree with the composition of the Sun would be very interesting 
indeed. Conclusions of this kind are uncertain, but then there is very 
little reason to send instruments to the Moon if we are sure that we know 
all about the Moon beforehand. 

The surface of the Moon has been studied intensively during the last 
century. A very noteworthy paper by G. K. Gilbert 1 in 1893 made 
enormous progress in understanding the surface of the Moon. He con¬ 
cluded that the surface was fashioned mostly by the collision of objects 
with it and that the smooth gray areas of the Moon are the direct result 
of the collisions of great objects with the surface of the Moon. He also 
maintained that most of the craters of the Moon were due to such colli¬ 
sions and, incidentally, had the view that there were no volcanoes on the 
Moon that he could find. Many authors have disagreed with this point 
of view, but it is doubtful that we shall be able to decide this question 
without much more detailed investigation of the Moon than can be done 
from the Earth. 

The great smooth gray areas of the Moon have been generally assumed 
to be due to lava flows. Some believe that they came from the interior 
of the Moon, and some believe that they were produced through the 
mechanism of great collisions. Among those favoring the mechanism 
of the great collision are some who think that these collisions merely 
released lava from below the surface of the Moon while others believe 
that the lava was at least partially, and probably mostly, produced as a 
result of the collisions. 
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FIG. 1 . The full Moon (north at bottom as seen through a tele¬ 
scope;). Maria arc the dark, smooth regions. Some of the 
craters are the center of ray systems. Among the features are 
the following, located by polar coordinates with center as origin 
(clock dial for position angle, fractions of radius for distance 
from center): Mare Tranquil litatis (8:30, 0.6); Mare Imbrium 
(5:30, 0.7); Ptolemaeus, walled plain (12:00, 0.1); ray craters— 
for example, Tycho (12:30, 0.7); Copernicus (4:30, 0.4); black 
mountains, the very dark patches to left of Copernicus (just 
below center); polar regions (top and bottom edges). ( Cour¬ 
tesy of Ml. Wilson and, Palo mar Observatories.) 
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The Moon’s surface shows very great irregularities. Recently, Watts 
has found differences in elevation on the eastern limb amounting to 
9.7 km, which would be very high even for the Earth. These great 
differences in altitude on the Earth are supported by isostatic equilib¬ 
rium, that is, essentially by the floating of low-density material in high- 
density material. In order to support such large differences in elevation, 
some 50 km of the low-density basalt or granite is required. That such 
quantities of material differentiated in the surface of the Moon is difficult 
to understand. The assumption of great masses of metal below the sur¬ 
face of the low regions (which also would account for these observations) 
can hardly be accepted with confidence without some direct evidence for 
them. What seems likely is that the outer parts of the Moon have very 
great physical strength and are able to support very considerable differ¬ 
ences in elevation in the surface. This was a point of view put forward by 
Gilbert in 1893. 

In connection with these considerations, it would be of very great inter¬ 
est to determine the age of the surface of the Moon by the potassium- 
argon dating method. This method dates the time since materials were 
last heated sufficiently to cause the loss of argon-40, and it is thus a sensi¬ 
tive indicator of the time when the last plutonic processes occurred. It 
would also be of interest to investigate the date by the lead-lead method, 
which measures the time since the iron meteorites last were separated 
from uranium and thorium, on the assumption that the second sample of 
material—the Moon in this case—has had a constant ratio of uranium 
to lead from the time at which the two samples became separated, an 
assumption that cannot always be justified for given samples of matter. 

The surface of the Moon probably retains an integrated record of cos¬ 
mic-ray activity during the time since the surface was last heated. This 
will be retained only in the outer 30 cm mostly, and since the equatorial 
regions are warmed by the Sun, it will be necessary to obtain samples near 
the poles for this study. In meteorites this record is studied through the 
concentrations of the inert-gas nuclides. 

The Moon has no atmosphere, or rather a very small atmosphere, per¬ 
haps as low as 10~ 9 (or less) of the Earth’s atmosphere. Because of its 
low gravitational field, the lighter of the elements would escape completely 
from the Moon, and one can hardly expect that anything remains except 
perhaps the heavier inert gases. Most chemical substances would react 
with the surface of the Moon, and not many gaseous materials can be 
expected to be there in any important quantities in any case. 

The dark color of the Moon may be due to the effects of light and 
high-speed particles on its surface, but the recent reports of carbonaceous 
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gases escaping from the Moon may be consistent with a coloration due to 
carbon on its surface. 

Chapter 3, The Nature of Gravitation, of this volume suggests a mod¬ 
erately high temperature for the Moon during its past history. This is 
in disagreement with other suggestions. If the surface materials of the 
Moon have a K 40 -A 40 age of 4 or 4.5 X 10 9 years, then they have not 
been at higher temperatures than 200 to 230°K for times of the order of 
10 9 years. This conclusion is based on estimates of the rate of loss of 
argon from meteorites as a function of temperature. Thus K 40 -A 40 
dating of the surface may contribute a decisive answer to some of the 
questions raised in that chapter. 

Life would not be supported on the surface of the Moon in any impor¬ 
tant way. It would be very difficult to be sure that terrestrial organisms 
would not find some way to support themselves at least temporarily in 
the subsurface regions of the Moon where there may be carbon com¬ 
pounds of an inorganic type, that is, produced by inorganic processes. 
It is very doubtful that there is any indigenous life on the Moon—so 
doubtful, in fact, that it can be considered as a certainty within the usual 
definition of that term. 

2. CHEMICAL COMPOSITION 

In order to understand the composition of the Moon, it is necessary to 
consider the composition of the Earth's surface and the composition of 
the meteorites, the two sources of information from which we might be 
able to draw some conclusions. Table 1 is a collection of data for the 
achondrites and chondrites, and there are two groups under each classifi¬ 
cation as listed. The data are taken from Urey and Craig 2 for the 
meteorites. These are to be compared with the data on granites and 
basalts which are taken from Rankama's book on geochemistry. 3 The 
data in column 3, the high-calcium achondrites, are similar in some ways 
to the data under the basalts. In fact, there is greater similarity here 
between these two groups than between any other groups of stone mete¬ 
orites and terrestrial rocks. It should be noted that granite and basalt 
show a very considerable increase in their silica content compared with 
the chondrites, and this similarity follows along comparatively well for 
other elements until we come to the alkali metals, where there is a marked 
discrepancy. This is also true of the concentration of uranium and 
thorium as well as potassium, as shown in Table 2. And there are many 
other elements for which a similar discrepancy occurs. What we seem 
to see is this: First, the chondritic meteorites are very low in potassium 
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and the alkalies generally and in uranium and thorium. Second, the 
achondrites are higher in uranium and thorium, low in potassium, and the 
terrestrial rocks are high in the alkalies and in uranium and thorium. 
We wonder very much whether the Moon follows any of these groups of 


Table 1. Granites, Basalts, Chondritic, and Achondritic Meteorites: Typical Analyses 2 - 3 



Achondrites 

Chondrites 

Granite 

Basalts 

Low 

calcium 

High 

calcium 

Low iron 

High iron 

SiO> 

52.56 

48.65 

39.49 (46.00) 

36.17 (48.53) 

70.18 

49.06 

MgO 

30.47 

9.87 

24.55 (28.60) 

22.93 (30.76) 

0.88 

6.17 

FeO 

11.45 

16.31 

14.97 (17.44) 

9.26 (12.42) 

1 .78 

6.37 

Fe2C>3 





1.57 

5.38 

AlaO, 

1.09 

11.71 

2.61 (3.04) 

2.36 (3.17) 

14.47 

15.70 

CaO 

1.20 

10.39 

1.96 (2.28) 

1.95 (2.62) 

1.99 

8.95 

Na a O 

0.36 

0.83 

1.04(1.21) 

0.91 (1.22) 

3.48 

3.11 

K a O 

0.11 

0.27 

0.18 (0.21) 

0.17 (0.23) 

4.11 

1.52 

Cr 2 0 3 

0.83 

0.40 

0.43 (0.50) 

0.27 (0.36) 



MnO 

0.39 

0.47 

0.27 (0.31) 

0.23 (0.31) 

0.12 

0.31 

Ti0 2 

0.12 

0.50 

0.11 (0.13) 

0.11(0.15) 

0.39 

1.05 

P 3 0 5 

0.10 

0.10 

0.24 (0.28) 

0.17 (0.23) 

0.19 

0.30 

Fe 

2.68 


7.04 

17.76 



Ni 

0.17 


1.06 

1.68 



Co 



0.07 

0.10 



FeS 

0.96 

0.57 

5.77 

5.69 

(0.14) 

(0.14) 

HoO 

0.89 

(0.40) 

0.04 

0.05 

0.84 

1.62 


Note: Within the parentheses are given analyses on the basis of the silicate fraction 


only. 


Table 2. Uranium, Thorium, and Potassium in Igneous Rocks and Stony 

Meteorites, 3 -' 1,5 in PPm 



Igneous rocks 

Chondrites 

Achondrites 

U 

1-4 

0.0114 

0.126 

Th 

3.9-13.45 

0.0396 

.0055 and 0.54 

K 

See Table 1 

863 

10-500 


materials. The terrestrial rocks have undergone a long fractionation in 
the crust of the Earth, apparently due to partial melting processes which 
have caused the flow of material from the deep interior to the surface. 
This sort of differentiation seems not to have been present on the Moon: 
it could hardly be expected because of the much greater ratio of surface 
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to mass and hence much greater cooling of the Moon compared with the 
Earth. But the question still remains as to whether the Moon may not 
have been highly melted in its early history and whether great fractiona¬ 
tion into granites and basalts might not have occurred at this time. In 
order to test this, it would be well to be able to analyze many samples from 
the surface of the Moon. This seems to be difficult to do, but a very good 
indication of the differentiations can be secured by investigating the 
naturally radioactive elements (uranium, thorium, and potassium) in 
order to find out what differences may exist between terrestrial rocks and 
those of the Moon and how the Moon compares in composition with the 
meteorites. 

3. THE IRREGULAR SHAPE OF THE MOON 

Astronomical data indicate that the Moon has a triaxial configuration 
with the ellipticities quite different from those expected from the effects 
of the tides. This is particularly true of the ellipticity involving the 
difference in the moments of inertia (about its polar axis and about the 
axis pointing toward the Earth) divided by the mean moment of inertia. 
This difference can be calculated from the dynamical motions of the 
Moon, and all quantities appear to be very well established. Hence 
we may conclude that the Moon has, indeed, an irregular shape. This 
ellipticity is some seventeen times as great as would be calculated from 
the present tidal forces. This must be due either to great strength in 
the interior of the Moon (amounting to an ability to support some 20 atm 
of stress at the center of the Moon), or else it must be due to a variation 
in density with angle in the outer parts of the Moon. It is difficult to 
believe that the interior of the Moon can support such stresses for geo¬ 
logical periods of time; hence the idea that there are variations in density 
with latitude and perhaps longitude at the Moon is an attractive idea 
which has been put forward only recently. A satellite of the Moon 
would be able to detect these irregularities of the Moon’s structure with 
much higher precision than we have been able to calculate them from 
past observations. The satellite must be close to the Moon in order to 
be stable, for otherwise the perturbing effects of the Earth will always 
distort its orbit. 

4. THE SURFACE CHARACTERISTICS OF THE MOON 

There has long been a controversial argument about the composition 
of the surface layer of the Moon. The measurements of Pettit and 
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Nicholson many years ago indicated that the surface of the Moon is 
covered by a thin layer of fine dust in vacuum and that below this some 
insulating material, with about the properties of pumice, will satisfy the 
thermal observation. This conclusion rests, in turn, on the data of 
Smoluchowski, who measured thermal conductivity of particulate solids 
down to pressures of air of 0.05 mm. The vacuum on the Moon is much 
lower, and probably the surface is more nearly like fine sand rather than 
dust. In recent years, other suggestions have been made as to the charac¬ 
ter of the Moon’s surface. There is the traditional one that the maria 
consist of great lava flows and that these underlie the surface features of 
the Moon at least, with only a thin layer over them. More recently the 
suggestion has been made that fine dust, produced by light erosion, cov¬ 
ers the surface of the Moon, 6 and speculation has appeared in the litera¬ 
ture that perhaps the surface region of the Moon is covered with chon- 
dritic material such as is found in the stone meteorites. This is a gravelly 
sort of material mixed with fine iron-nickel metal particles of the body- 
centered cubic and face-centered cubic iron-nickel phases. 

Radio observations of the Moon indicate that we receive reflections 
only from the center of the Moon’s disk, and this indicates that the 
surface is remarkably smooth from the standpoint of radio waves. It 
appears to be almost perfectly rough from the standpoint of light waves, 
so that they are reflected from the surface with a comparatively small 
limb effect. The radio waves appear to come back as though the 
Moon were nearly a perfect reflector. This indicates that both the 
mountainous regions in the center of the Moon as well as the maria 
regions (Sinus Vaporum being the one directly involved) are nearly 
smooth in spite of the rather rugged appearance of the Moon’s surface. 


5. THE INTERIOR OF THE MOON 

The Moon has such a low density that it seems improbable that the 
amount of metallic iron-nickel could be very large in the body of the 
Moon as a whole. Calculations indicate, however, that some few per 
cent of the mass of the Moon might be iron-nickel metal. The question 
arises as to whether this iron-nickel is at present accumulated into a 
core in the Moon. It seems most likely that this is indeed a possible 
structure since the interior of the Moon, because of radioactive heating, 
should be at a fairly high temperature and possibly above the melting 
point of metallic iron. On the other hand, the meteorites have structures 
which indicate that the irons have not been part of a core of a 
large planet but have been imbedded in a silicate material and their 




FIG. 2. Northern region of the Moon (north at bottom as 
seen through a telescope). Features shown include maria or 
“seas” (darker, smoother areas), circular mountain chain (rim 
of mare), and crack-like structure near the south edge of Mare 
Vaporum (top, center). (Courtesy of Mt. Wilson and Palo- 
mar Observatories.) 
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masses have been not much larger than the masses of the iron meteorites 
that we observe to fall on the Earth. If the Moon is an object of the 
type that has supplied the meteorites, and arguments have been put 
forward to this effect, then we must expect that masses of iron-nickel 
may be scattered throughout the body of the Moon in a “raisin-bread” 
type of structure. Seismic studies on the Moon might be able to answer 
questions of this sort, establish whether there is an iron core, and give 
us information about the composition of the Moon. 

A theory for the origin of the solar system, pointing out that objects 
of approximately the size of the Moon must have been involved in the 
formation of the materials of the meteorites, has been proposed. A 
considerable number of the satellites of the solar system have approxi¬ 
mately the mass of our Moon, and the existence of such objects may 
have been an important part of the evolution of the system. Such a 
suggestion as this makes the problem of investigating the character of 
our Moon even more important than it would be otherwise. If, indeed, 
it is a primitive type of object that appeared in large quantities early 
in the history of the system, then it is obvious that a study of such an 
object would be of very great interest in considering the entire problem 
of the origin of the solar system and of stars generally. At least it may 
be possible to prove or disprove this suggestion as a result of the studies 
being proposed. 

6 . MOONQUAKES AND TIDAL EFFECTS 

The Moon’s orbit is fairly elliptical, with an eccentricity of 0.0549, and 
since the distance from the Earth varies from a/(l -ff e) to a/(l — e), 
a total variation of distance of 11.5 per cent occurs. This would raise 
a variable tide in a liquid moon of 16 m. Such an effect may cause only 
elastic distortion, or it may cause breaks in the Moon’s surface and 
hence lead to damping of the radial motion. Cracks have been reported 
in the Moon’s surface, and these may be due to such tidal effects. There 
is evidence that dissipation of tidal energy occurs in the Moon, for only 
in this way can the Moon’s face remain oriented toward the Earth as any 
tidal effects occur such as movement away from the Earth. If dissipa¬ 
tion of energy in radial tides could be observed, this would constitute 
evidence for an origin of the Moon by capture, that is, by a process just 
opposite to that proposed by Darwin. Also, if gases are escaping from 
the Moon because of any type of plutonic effects, seismic disturbances of 
small size might be observed. 

Heating of the deep interior by radioactivity and cooling by conduction 
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will produce a considerable amount of seismic activity, according to 
recent calculations. These effects can be tested by seismometers placed 
on the Moon’s surface. 

7. EXPERIMENTAL INVESTIGATIONS 

A brief summary of some specific proposals for further experimental 
study of the Moon is given below. The relative importance of the 
projects, in our opinion, is indicated by the arrangement; however, this 
does not refer to the order in which the observations can be made, for 
this depends upon the development of apparatus and the availability of 
vehicles. Here we attempt to state what is of interest from the stand¬ 
point of scientific knowledge. 

7.1 A Satellite of the Moon 

(1) Counting systems should be devised for the detection of potassium, 
uranium, and thorium. A satellite flying some 100 krn above the surface 
would be able to determine the relative abundances of these elements and 
be able to determine whether the surface is granitic, basaltic, or meteoritic 
in composition and whether the compositions of the maria and land 
areas are different. This bears on the question of complete or partial 
melting of the Moon. The apparatus could be used also for investiga¬ 
tions from a soft landing. (2) Television of the back and front areas 
should be made if high resolution can be secured. The purpose is to 
add to our knowledge of the relationships of maria and land areas (terrae) 
and to enable us to know locations on the surface in addition to those 
known telescopically. (3) The mass and mass distribution can be 
secured from orbital constants of a satellite. This bears on the question 
of complete melting. Are there irregular distributions of high-density 
materials within the body of the Moon or near its surface? (4) The 
density and composition of its atmosphere could be secured by use of 
suitable mass spectrometers. (5) The determination of reflectivity of 
the surface as a function of wavelength should be made. (6) Explora¬ 
tion of the lunar magnetic field with high-sensitivity magnetometers and 
tests for trapped low-energy particles should be made, i.e., a lunar Van 
Allen effect. 

7.2 A Hard-landing Lunar Probe 

(1) A wide-open ion chamber could be used to determine the atmos¬ 
pheric density by radioing the results as the vehicle approached the 
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Moon. (2) It should be possible to test the hardness of the surface by 
a probe at the end of the vehicle. 

7.3 A Soft-landing Lunar Probe 

(1) The surface should be televised with and without magnification 
and with the aid of a microscope. This should enable us to decide 
whether the material was produced by solidification of a melt or by 
consolidation of conglomerates. Also minerals could be detected, and 
this would indicate whether the Moon was granitic or basaltic in composi¬ 
tion, particularly if broken surfaces were available. (2) The surface 
should be tested for magnetic substances (both on the immediate surface 
and some meters down) to determine how extensive the arrival of 
meteoritic material has been. This should be done at a number of 
locations. (3) Hardness tests and probes of considerable depth should 
be used to test whether the maria and interiors of craters are conglomer¬ 
ates or solidified lava. (4) Seismic observations should be made at 
various points to detect internal irregularities of density and composition. 
Such studies may determine whether the dissipation of tidal energy is 
occurring at the present time and whether heating in the interior is 
causing seismic activity. (5) Counters for the detection of uranium, 
potassium, and thorium would provide an analytical tool to distinguish 
granite, basalt, etc. This follows the suggestion discussed above in 
connection with a lunar satellite. (6) A spark-type mass spectrometer 
would make possible detailed chemical analysis. (7) The temperature 
as a function of depth, latitude, time of lunar day, and type of lunar 
surface should be measured. The temperature gradient and loss of 
heat from the interior should be measured. (8) X-ray fluorescence 
spectra could be secured by intense radioactive sources which are now 
available. X-ray diffraction analysis should be considered as well. 

(9) Spectroscopic analysis of the surface rocks should be possible. 

(10) Surface materials might be heated to detect volatiles. (11) Meas¬ 
urement of the Moon’s gravity might be attempted, but because of 
varying and unknown altitudes, interpretation would be difficult. A 
gravimeter will measure the lunar monthly tides and determine the 
rigidity of the Moon, and hence its physical state in the deep interior. 


7.4 The Return of Samples 

Samples (both surface and subsurface), if they can be returned from 
the Moon, should be obtained from many locations. Some particular ones 
are Mare Tranquillitatis, because of its very black color and its irregular 
shape, which indicate that it is a lava flow; Mare Imbrium, because of 
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its gray color and its obvious origin as a collision mare; the interior of a 
walled plane, such as Ptolemaeus; mountainous regions; a region that is 
an outstanding example of a ray from one of the ray craters; the black 
mountains west of Copernicus; and the polar regions for the study of 
cosmogenic nuclides of the rare gases. Samples of lunar dust should 
also be collected under sterile conditions for the use of biologists in 
making cultures. 

The terrestrial tests needed are ordinary chemical analysis, X-ray 
fluorescence analysis, analysis for the content of ordinary gases and for 
the inert gases which may be produced by cosmic rays, potassium-argon 
dating and dating by other methods, microscopic examination, and 
mineral analysis. 

Apparatus for the collection and return of lunar and planetary samples 
should be developed. 

7.5 Manned Landing 

The scientific qualifications of the first man to go to the Moon are 
important. He should have a considerable knowledge of several fields 
of science, but he should be particularly a hard-rock geologist with 
some acquaintance with meteorites. All plans in this respect, however, 
should be made with the realization that the Moon is very different 
from the Earth and that naive analogies are useless. The surface of 
the Moon will not be like that of the Earth. The surface origin is 
quite different and, in particular, there will be no sedimentary rocks. 
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THE PLANETS 

Harold C. Urey 


1. INTRODUCTION 

It may seem unnecessary to justify an intense interest in the study 
and exploration of the planets by means of satellites and space probes 
on any grounds other than simple curiosity. Nevertheless, there exist 
also compelling scientific reasons for such investigations. 

Just as in the case of the Moon, there is at present a great deal of 
uncertainty concerning the mechanism of the origin of the planets and 
the evolutionary history of the solar system generally. There can be 
no guarantee of final success, but it is almost certain that many of the 
existing uncertainties will be resolved when it becomes possible to 
study the nature and composition of the planets more intimately. 
The problem of the mechanism of the solar and planetary origin is of 
interest not only in itself, but also as an example of the origin of the 
stars. 

Although it may be construed as a special topic in the evolution of the 
solar system, the possibility of the existence of life on Mars or Venus is 
of profound significance to biology (see Chap. 20). In spite of the 
fact that a considerable body of observational evidence supports the 
contention that some living organisms exist on Mars, it will require 
close inspection before it is possible to verify the hypothesis and to 
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determine the relationship between such living organisms as may be 
found and terrestrial forms. The possibility of discovering evidence 
of the preexistence of organisms now extinct is certainly of equal 
significance. 

In the sections which follow, some of the more immediately evident 
matters of general interest are discussed, together with problems con¬ 
nected with individual planets. This discussion must, of necessity, be 
superficial, for in spite of the considerable amount of diligent observa¬ 
tion of the planets already made, we have firsthand knowledge of only 
one of them, and even in the case of the Earth this knowledge is confined 
to a relatively thin shell (see Chaps. 4-8). 

The bulk of our knowledge of the other planets is based on astronomical 
observations (though some inferences can be drawn from study of 
meteorites). The distortions and obscurations introduced by the 
atmosphere are serious handicaps to the acquisition of more information 
than now exists, and it may be expected that observations from very 
high altitudes in the Earth’s atmosphere and from satellites of the 
Earth will yield significant results. It will probably be several years 
before a useful astronomical telescope can be established outside the 
Earth’s atmosphere; in the meantime, it is likely that several packages 
of instruments will have been sent to the vicinities of Mars and Venus. 
Limitations on the scope of experiments due to the state of rocket, 
instrumentation, and communications technology can be expected to 
recede, and it is to be hoped that the embodiment of meaningful experi¬ 
ments in suitable equipment will keep pace. 

2. ATMOSPHERES 

The atmospheres of the planets have been studied over many years of 
astronomical observation. The results of these studies are given in 
Table 1, which lists those constituents of the atmospheres which are well 
established, or upon which rather careful measurements have been 
made, and those which can be inferred to be present from the conditions 
that we know to obtain on the planets. It is quite evident that the 
compositions of none of the atmospheres and none of the planets are 
reliable in a quantitative sense. Infrared pictures and spectroscopy 
from balloons at high altitude might very well improve our knowledge 
of the atmospheres (as in the case of recent work on Venus), and this 
may be the best approach to this problem short of actual landing on the 
planets, analyzing by chemical methods, and transmitting the informa¬ 
tion back to the Earth. 



Table 1. Composition of Planetary Atmospheres 1 


Planet 

Sub¬ 

stance 

De¬ 

tected 

Amount, 
cm atm 
(NTP) 

Basis 

of estimate 

Remarks 

Mercury 





Probably fluorescing free radicals and ions 






produce haze. 

Venus 

CO 3 

Yes 

10 & 

Spectroscopic 

Much below the cloud layer. 


11*0 

Yes 

Oceans 

Polarization of 

Vast oceans are assumed to exist below the 





clouds 

cloud: spectroscopic evidence of H>0 in the 
atmosphere has recently been obtained. 


Nat 

Yes 

? 

Spectroscopic 

Ns and Na + bands in the night sky. 


cot 

Yes 

<100 

■Spectroscopic 

CO + bands in night sky and absorption 




i 


bands in day sky. Limit fixed by near- 
infrared bands. 

Earth 




Many ronsti- 






tuents 


Mars 

co 2 

Yes 

3,600 

Spectroscopic 



HaO 

Yes 

•? 

Polarization of 

Polar caps consist of ice. Some clouds have 


! 



clouds 

the polarization of ice crystals. 


N, 

No 

1.8 X 10 6 

Total pressure 

N 2 is accepted as the most likely noncon- 





measurement 

densable constituent. 

Jupiter 

GPU 

Yes 

1.5 X 10* 

Spectroscopic 

Above cloud layer. 


NHj 

Yes 

700 

Spectroscopic 

Above cloud layer. 


Ha 

No 

2.7 X 10*1 

1 


Assumed to be present in solar proportions 


He 

No 

5.6 X 10* 

1 

Density of the 

relative to methane on the basis of the 


N a 

No 

4 x 10 s 


planet 

Marcus calculations.* 


No 

No 

1.7 x io9 




Saturn 

CII 4 

Yes 

35,000 

Spectroscopic 

Above cloud layer. 


NIX a 

Yes 

200 

Spectroscopic 

Above cloud layer. 


Ha 

No 

6.3 X 10 7 ) 

1 




He 

No 

1.3 X 10" 1 

l 

Density of the 

Assumed to be present in solar proportions 


n 2 

No 

9.5 X 10* I 


planet 

relative to methane.* 


Ne 

No 

2.7 X 10*J 




Uranus 

CII 4* 

Yes 

2.2 X 10 s 

Spectroscopic 

He and II 2 are assumed to be effective mole¬ 


Ha 

Yes 

9 X 10« 1 

l 

Calculated on 

cules in producing transitions of II 2 . 


He 

No 

N 

O 

1—f 

X 

h- 

r 

Her zb erg's 
assumption 



II 2 

Yes 

4.2 X 10° ; 

I 


Na anti Ha are assumed to be effective mole¬ 


He 

No 

8.6 X 10* 


Calculated 

cules in producing transitions of H 2 . Solar 


Na 

No 

4.2 X 10» j 

l 


proportions of He and II 2 are assumed. 

Neptune 

CH 4 J 

Yes 

3.7 X 10^ 

Spectroscopic 



Ha 

Yes 

Larger 

1 


Assumed to be effective molecules in pro¬ 


Na 

No 

than in 


Spectroscopic 

ducing transitions of II 2 . 


He 

No 

Uranus J 

1 


■Solar proportions of II 2 and He assumed. 

Titan 

CII 4 

Yes 

2 X 10' 

Spectroscopic 



He 

No 



Assumed high-diffusion layer for the preser¬ 






vation of II 2 . 


Kuiper ( 1952 ) has boon unable to detect NaO. CPU, C2II4, Call a, and NII3 on Venus; SOa, Oa, NaO» 
CII4, 02 , 114 , C2IL1, and NHj on Mars; Oa and 8 O 2 on Saturn and Uranus; CIX4 and NIL3 on the satellites 
of Jupiter; and Nib on Titan. In most cases, the substances could not be expected to be present 
because of thermodynamic instability under the known conditions of the planet involved. 

* Recent work indicates that the proportions of IX 2 to CII 4 on Jupiter are much less than that 
assumed here. It is probable that this is also true for Saturn. 

t More recent studies have not confirmed the observations on the bands of these molecules, and their 
presence is not proved. 

t Methane has not been considered as the molecule inducing the hydrogen transitions, but it should 
contribute to this effect. 
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It is obvious that the atmospheres of the terrestrial planets—Venus, 
Earth, and Mars—are very highly oxidized. This oxidation is well 
known to originate from the escape of hydrogen from these planets. 
It is presumed that the planets once had a much more reduced atmosphere 
than is now characteristic of them. It should be remembered that 
carbon dioxide is a highly oxidized substance, as is also nitrogen gas. 
So far as we know, only the Earth’s atmosphere contains appreciable 
amounts of oxygen, though it can be stated with confidence that small 
amounts of oxygen must be present on both Venus and Mars because 
of our knowledge of the photochemistry of carbon dioxide, which is 
present in the atmospheres of both of these planets. 

The general evolutionary progress of the atmosphere of the planet could 
be outlined approximately as follows. The escape of hydrogen from 
the planet results in the production of carbon compounds which are 
more oxidized than methane, the loss of the hydrogen being equivalent 
to an oxidation process. At the same time the loss of hydrogen will 
result in the production of compounds containing larger amounts of 
oxygen, which again is an oxidation process. The immediate result of 
this should be to produce complicated carbon compounds containing 
carbon, oxygen, hydrogen, probably nitrogen, and sulfur as well. As 
the process continues, one of two things may occur. If water is present 
in excess, as on Earth, all the carbon compounds, or at least most of them, 
may be oxidized to carbon dioxide, with excess water remaining. On the 
other hand, if the carbon compounds were present in excess, it can be 
expected that the water would eventually be completely used up and the 
carbon compounds only partially oxidized to carbon dioxide: the result 
would be a dry planet with very little water and with carbon compounds 
of high boiling point (Hoyle’s petroleum on Venus). The rate of escape 
of hydrogen from Mars is undoubtedly very high—so high in fact that 
the small amount of water in its atmosphere should be destroyed in a 
very short time if it is not replenished from the interior of the planet. 
Hence it is of interest in connection with this planet to discover, if 
possible, whether there are substantial sources of water beneath the 
surface. In the case of Venus we have far less information about the 
lower atmosphere than in the case of Mars. Present indications are 
that it may have a fairly high temperature, and perhaps there are no 
water sources on this planet at the present time. 

As the oxidation process continues, carbon dioxide will react with the 
silicate rocks of the surface of the planet if adequate contact between the 
gas and the solid can be secured. This is promoted on the Earth by the 
erosional effects of water; if such effects occur on the planets, one must 



THE PLANETS 


203 


expect that the carbon dioxide will be removed from the atmosphere. 
Venus has very large quantities of carbon dioxide, and for some reason 
this has not been lost (see Sec. 6 below). 

It is also to be expected that oxygen will react with the silicate rocks, 
if opportunity is presented, to produce more oxidized forms of iron than 
are to be expected in cosmic material. The meteorites, it should be 
remembered, are very highly reduced and would absorb oxygen as they 
do after they arrive on the Earth. If other planets started with material 
of this state of reduction, which seems most reasonable, then we must 
expect that the oxygen will be absorbed by the rocks if adequate oppor¬ 
tunity for such processes is available. 

The objectives of space investigation should be, so far as the atmos¬ 
pheres are concerned, to elucidate the problems outlined above and to 
investigate such things as the very high atmosphere, as we have done on 
Earth. Such investigations will follow the line of continued spectro¬ 
scopic investigation both from the high-flying balloons of the Earth and, 
if they can be established, from space observatories, by the flight of probes 
in the neighborhood of the planet, and by landing on the planet. Most 
interesting pictures have been taken of Venus as it approaches conjunc¬ 
tion with the Sun. This enables us to investigate the high atmosphere 
of the planet when light passes through large thicknesses of the atmos¬ 
phere. It is probable that much useful work could yet be done on this 
type of problem from the surface of the Earth, but in recent years interest 
in astronomy has gone so largely to the stars that such mundane (or, let 
us say, cytherean) investigations have not been of interest. 

Mercury probably has a very limited atmosphere because of its low 
gravitational field and the high temperature of the hemisphere which is 
exposed to sunlight. It does present most interesting problems, however, 
because of the possibility of an equilibrium atmosphere due to an increased 
concentration of gas as compared with interplanetary gases and because 
of the special conditions on its dark hemisphere. The atmosphere of the 
Moon, too, may be an equilibrium one. 

If landings can be made and analysis of the atmospheres becomes pos¬ 
sible, we shall have for the first time much more precise information than 
we can get by any other methods that so far have been attempted. 

3. SURFACES 

The surface of the Earth presents a most complicated problem for 
study, one which has been pursued by geologists for over a century. The 
general features of the development of the Earth's surface are well under- 
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stood. We observe that there have been extensive lava flows and great 
volcanic activity. Such activity is particularly to be expected on a large 
planet because of the very effective heating of the interior of the planet 
as compared with the rate of heat loss. Such activity is not to foe 
expected on small planets. It would hardly be reasonable to look for 
extensive volcanism on the Moon at the present time. Even on Mars 
it seems likely that there is less volcanic activity than on Earth. 

In addition, water erosion has shaped the general features of the Earth. 
Large energetic processes, probably accompanied by convection currents 
within the Earth, which cause buckling of the surface, have produced 
enormous mountains. These have then been eroded by water and cut 
into very rugged and sharp peaks. We cannot expect that this sort of 
thing happens on a planet unless running water is present. So far as 
we know at the present time, Mars has no such features, but if water has 
been present on that planet in the past, then we can expect that similar 
mountains have been carved from its surface. Our knowledge of Venus 
of course is much less because of the dense cloud cover. 

Life exists on Earth and has produced its own characteristic features 
on the surface. In particular, it is probably responsible for the produc¬ 
tion of oxygen in the atmosphere of the Earth. Living organisms have 
produced a distinctly reduced character to the sediments of the Eax'th 
as this oxygen atmosphere was produced. We have no evidence that tire 
escape of hydrogen by itself would produce oxygen at such a rate that f roe 
oxygen would exist in the atmosphere of the Earth. It should be remem¬ 
bered that oxygen is absorbed by the rocks of the Earth: if the rate of 
absorption is equal to the rate of loss of hydrogen, no free oxygen could 
be expected. If living organisms of any complexity were ever present on 
other planets, we should expect to find their fossils in the rocks. ISTot 
only should we look for present life on these planets, which would be one 
of the most fascinating discoveries of all modem science, but also we 
should look for the evidence for the existence of past life on the planets. 
It would indeed be a keen disappointment to find a planet on which 1 i fe 
had once existed but was now extinct. Nevertheless, such a dis¬ 
covery would be of tremendous interest. Chapter 20 discusses this 
subject further. 

4. STRUCTURES IN THE INTERIOR OF THE PLANETS 

During the past century, and especially in recent years, a great deal of 
evidence about the interior structure of the Earth has been secured, pre¬ 
dominantly by means of seismic studies though also from very intense 
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chemical studies of the Earth’s surface. This evidence shows the Earth 
to have a large core with a radius greater than one-half the radius of the 
Earth and, on the outside, a crust of varying thickness. The dimensions 
ot these regions of the Earth have been established by means of seismic 
studies. In the same way, it is to be expected that similar studies on the 
planets would enable us to understand their structures. However, no 
seismic studies can be made except by landing apparatus on the surface. 
It seems impossible to investigate these questions adequately in any other 
way, and in general it can be expected that very extensive efforts will be 
required in order to gain any clear picture of the structure of these objects. 
Though it is unknown whether the planets have cores like that of the 
Earth, it seems most likely that Venus has such a core and possibly also 
Mars. Mercury is a planet of very high density, and most ideas indicate 
that Mercury would also have a core of large volume relative to the 
volume of the planet. 

We are also interested in the composition of the planets. In Chap. 9, 
on the Moon, it was noted that its density is very low. It follows that 
either the iron content alone is very low as compared even with the 
meteorites—and especially low as compared with the Earth—or that it 
contains some very low density material. The latter possibility would 
permit a higher concentration of iron to exist without exceeding the 
observed density. On the other hand, Mercury has a very high density, 
one that cannot be accounted for except by the presence of very high 
density materials. If differentiation of the surface has occurred to the 
same extent as it has on Earth, studies of the surface compositions of the 
planets are likely to be disappointing as means of learning about their 
internal compositions. It is quite impossible to deduce the mean com¬ 
position of the Earth, even at the present time and with the benefit of all 
the extensive studies that have been made both of the Earth’s surface 
and of the interior. Only in recent years have there appeared papers 
which attempt to do this in any reasonable way. It is to be expected that 
both Mars and Venus will give 11 s trouble with respect to this problem. 


5. MAGNETIC FIELDS 

The Earth is well known to have a dipole field of a somewhat unsym- 
metrical kind, with the magnetic poles not coinciding at the present time 
with the geographic poles. The origin of this dipole field is still uncertain 
but is believed to be due to conduction in the liquid core of the Earth. 
At least this theory has gained more acceptance in recent years than any 
other. Questions naturally arise as to the possibility that other planets 
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have magnetic dipole fields and, if so, whether they are related to liquid 
cores or to some past magnetic field in the solar system. The existence 
of magnetic fields in the past has been suggested as a means for accounting 
for certain features of the origin of the Earth and planets. Evidence for 
such a field would be a most interesting confirmation of this past history 
of the solar system, and it would have wide implications for the origin of 
stars generally. Investigation of such magnetic fields can probably 
be made more effectively from space probes flying in the neighborhood of 
the planets than by the use of apparatus on the surface because of the 
very large number of surface readings which would be necessary in order 
to establish the general character of the planet’s dipole field and its pos¬ 
sible change with time. Recent observations indicate that the meteorites 
are magnetized. The origin of this magnetized condition is unknown. 
According to reports from the U.S.S.R., the Moon does not have a surface 
magnetic field larger than approximately 0.001 that of the Earth. 

6. FEATURES OF PARTICULAR PLANETS 
6.1 Mercury 

Mercury, because of its nearness to the Sun, is at a very high tempera¬ 
ture on the sunward side. The planet rotates once in its year and hence 
keeps the same side to the Sun. This side is at a very high temperature — 
so high that, if instruments were landed on it, it is doubtful that the elec¬ 
trical equipment necessary for the transmission of information back to 
Earth could be made to function properly. On the other hand, the side 
away from the Sun is at a very low temperature; if equipment could be 
landed on this side, there seems to be no reason why it should not operate 
successfully and transmit information to the Earth. 

Mercury has a very high density, approximately 5, and hence must con¬ 
tain a very considerably increased concentration of metallic iron or, as 
has been recently suggested, iron silicide. If the first assumption is cor¬ 
rect, one must postulate the loss of very considerable amounts of silicate 
materials during the formation of this planet in order to account for a 
residue of metallic iron. If the second one is correct, preliminary calc,illa¬ 
tions indicate that again very substantial amounts of material must- 
have been lost from the planet, though the materials would have 
been of a different chemical composition and the method of loss might 
have been quite different. Various suggestions have been made in 
regard to this problem. This bears again on the question of the processes 
occurring during the origin of the solar system. Information giving us a 
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decision in regard to some of these questions would make it possible to 
narrow the range of hypothetical processes which might have occurred 
during the origin of the system, and again this would be of importance 
in connection with the evolution of our system and the evolution of the 
stars. Efforts should be made to fly instruments into the neighborhood 
of Mercury and perhaps land them on the cold side of the planet. Instru¬ 
ments of particular interest would be both chemical analytical apparatus 
(although it is very difficult to devise such equipment to operate under 
conditions which are very badly known) and seismic apparatus, which 
would enable us to determine something of the structure of the inside of 
the planet. 


6.2 Venus 

Venus has thick cloud cover, and many speculations on the structure of 
this atmosphere have been made. It has been suggested that there are 
extensive oceans on the surface of the planet, then again that there is no 
water at all and that it is completely arid and dry. It has further been 
suggested that the clouds are filled with hydrocarbons which have not 
become quite completely oxidized, as they have in the case of the Earth. 
It has also been suggested that the suboxide C:s0 2 and its polymers are 
responsible for these clouds. Carbon suboxide is a very unstable com¬ 
pound, and hence its occurrence in any but trace amounts can hardly be 
expected. Carbon dioxide, if suitable contact with silicate materials is 



FIG. 1. Venus near inferior conjunction, in blue light. The 
twilit edge of the atmosphere inside the crescent is distinctly 
fuzzier than the limb or horizon. (Courtesy of Ml. Wilson and 
Palomar Observatories .) 
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available, would react to give limestones and sand, and eventually the 
partial pressure of carbon dioxide would become less than that existing 
at the surface of the Earth. The relatively high concentration of carbon 
dioxide in the Earth’s atmosphere must exist because ol the slowness ol 
the reactions taking place to produce limestone, dolomite, and a residue 
of sand from the silicate material. This takes place on the suiface ol 
the Earth because of the excellent contact provided by erosion and run¬ 
ning water. 

Carbon dioxide exists in large quantities in the atmosphere ol Venus. 
For some reason the absorption of carbon dioxide in silicate rocks does not 
seem to have occurred on Venus. It has been suggested that this is due 
to the presence of extensive oceans covering the entire suiface ol the 
planet, which would then prevent or limit contact between carbon dioxide 
and silicate materials. It has also been suggested that this is due to the 
completely arid character of the planet, which means very poor contact 
between carbon dioxide and solid materials. An arid planet might have 
some carbon-hydrogen compounds which have not been completely oxi¬ 
dized. It may also be due to the presence ol such an ovei whelming 
abundance of carbon dioxide in the atmosphere that even after complete 
reaction with all the superficial silicate rocks, there still remains the 
observed excess. Also, if the high surface temperatures reported ate 
indeed correct, the high pressure of carbon dioxide may be an equilibrium 
one, for the low pressure mentioned above is that expected at about ter¬ 
restrial surface temperatures. It will be interesting to see how the situa¬ 
tion accounts for the observed facts. 

Apparently, clearing of the atmosphere occurs, as has been observed 
by the French astronomers particularly, and one wonders what sort of 
material could exist in these clouds that would permit such a clearing of 
the atmosphere. It is still not known at what frequency the planet 
rotates. The French astronomers have maintained for years that Venus 
rotates only once in its year, while American astronomers generally have 
favored a rotation time of a few weeks. 

An aurora on Venus has been reported by the Russian astronomer 
Kozyrev. This has been confirmed only doubtfully, if at all, by American 
astronomers. Efforts should be made to decide whether the aurora is real 
or not, and it may be that we shall learn a great deal about the origin 
of the aurora, its relationship to the interplanetary particle streams from 
the Sun, and things of this sort by the study of the aurora of Venus. 

Life on Venus is a question of interest, but if the high temperatures 
reported recently by the Naval Research Laboratory (of the order of 
300°C, on the basis of measurements at radio frequencies) prove to be 



FIG. 2. Six photographs of Venus, showing changes in cloud 
pattern. (Courtesy of Mt. Wilson arid Palornar Observatories.) 
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correct, it is doubtful if there can be any liquid water on the planet. If 
such high temperatures prevail at the surface of the planet, it is doubtful 
if any of the reactions that are characteristic of living organisms that we 
see on the Earth could be possible at all. Furthermore, all protein mate¬ 
rials would be coagulated; hence this type of material, so characteristic 
of living organisms in the Earth, could hardly exist there. It is not 
entirely certain that such high temperatures exist on the planet’s surface; 
hence it is possible that life may be present. 

In asking whether life exists on a planet many people suggest that a life 
of a completely different sort from that on Earth would be possible. On 
the basis of our knowledge of the behavior of carbon compounds, it seems 
reasonable to say definitely that no life of the kind we see on Earth, or 
any approximation to it, could exist at 250°C or above. Life on Venus is 
hardly to be expected unless there is now liquid water on its surface. 

6.3 Mars 

Mars is a planet which has been studied by astronomers more exten¬ 
sively than any other because its atmosphere is very thin and it has been 
possible to see the solid surface. This surface has dark markings on it 
which many observers regard as greenish in hue whereas others insist are 
only gray in color. Because of the seasonal color changes which occur in 
these dark areas—greenish or grayish in the Martian spring and reddish 
or brownish in the fall—and periodic changes in the size of the dark areas, 
it has been supposed that plant life of some kind exists on this planet. In 
fact, quite extravagant theories have existed in the past concerning life 
on this planet. We now know enough about the composition of the 
atmosphere to believe that life of the active forms found on the Earth 
is most improbable. These depend upon the high, free energy supplied 
by an oxidizing atmosphere which is not present on Mars. However, the 
planet’s atmosphere does contain very small amounts of water and carbon 
dioxide. A great deal of living material exists on the Earth under anaero¬ 
bic conditions, and it seems probable that life evolved on the Earth under 
such conditions. Therefore there is no particular reason to believe that 
life could not exist on Mars. Vast dust storms are observed to occur on 
this planet; such dust could settle over the dark areas and eventually 
cover them up completely. This has not occurred, and for this reason 
it seems that some material which has rejuvenating properties must exist 
on the dark areas. This has been pointed out by Opik and is one of the 
important reasons for believing that life exists. Interestingly enough, 
the dust storms never seem quite able to cover the dark areas completely 
at all; hence if they are due to plants, the plants must have a “rough- 
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FIG. 3. Mars at its closest approach in 1956. The upper pair, 
taken 12 days apart, show the seasonal shrinkage of the polar 
cap during the Martian summer. The two pictures on the left 
show approximately the same hemisphere taken with an orange 
filter; in the lower picture the presence of patchy, yellow haze is 
attributed to dust clouds. The lower right picture, taken in 
blue light, shows Mars almost completely obscured by blue 
haze. (Courtesy of Ml. Wilson and Palomar Observatories.) 


ness” sufficient to stand above the surface of the dust layer. Recently 
Sinton 2 * 3 has found that infrared bands characteristic of the carbon- 
hydrogen bond resonance in large organic molecules can be observed in 
the dark areas of Mars and not in the light areas. This, perhaps, is the 
most positive evidence we have that life exists on Mars. It can be con¬ 
sidered a reasonable expectation that life does exist on Mars and that an 
investigation of this question is of first importance in the space program. 

The oblateness of Mars has been, and is, one of the great puzzles of this 
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planet. From the motion of the moons, it can be deduced that a bulge of 
uniform density, 0.52 per cent of the radius, exists in the equatorial region. 
On the other hand, direct observations over many years by many very 
careful and competent astronomical observers lead to agreement that 
the visual (and photographic) height of the bulge is approximately 1.2 
per cent. Taking these figures as they stand and assuming that they 
are both reliable requires that some low-density material is piled in great 
depths on the equatorial regions of Mars. If the bulge is composed of 
granite differing, say, by 20 per cent in density from the other materials 
of the planet, the depth of the granite layer would have to be about 
100 km in order to account for the observations described above. Such 
great thicknesses of low-density rock are unknown on the Earth, and it 
therefore seems most doubtful that they occur on Mars. 

If life now exists on Mars, we probably must assume that liquid water 
existed on this planet in the past, for it is difficult indeed to imagine how 
life, at least of the variety known on Earth, could evolve in the absence 
of water. We know of no other complicated chemistry of the carbon 
compounds or those of any other element which would seem likely to 
imitate the very complex chemical processes which constitute living 
organisms. We thus conclude that if life is present, there must have been 
oceans or seas in the past. If oceans existed in the past, undoubtedly 
glaciers would cover both poles continuously so long as water was present 
on the planet. It would be difficult to say whether any liquid water 



FIG. 4. Mars In blue (left) and red (right) light. The picture 
on the left shows thick patches of blue haze in some regions, 
comparatively clear sky in others (see Fig. 3, lower right). 
(Courtesy of Ml. Wilson and Paloniar Observatories.) 
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would exist in the equatorial regions of this planet if vast amounts of 
water were present, but as mentioned above, it is doubtful if life approxi¬ 
mating anything we know would have evolved unless liquid water were 
present. Such glaciers, if they existed in the past, may have piled up a 
great deal of rubble in the equatorial regions. This would be another 
source of low-density material. Ice could not remain in the equatorial 
regions because it would flow to the polar regions under the gravitation 
of this planet. On the other hand, glacial rubble and gravel with water 
constituting a part of this might well have such high viscosity, let us say, 
that it would not flow toward the poles. We might ask the question: 
do the equatorial regions contain vast amounts of water locked up as ice 
beneath the surface which only slowly escapes to the surface of the planet? 
Such an explanation, or indeed an acceptance of the observational data 
at all, requires that the atmosphere be much more dense at the poles 
than at the equator. No such atmospheric effect has been reported. 

But either life or water of this kind requires that oxygen must escape, 
for no oceans are now observed on this planet. In fact, it is an exceed¬ 
ingly arid planet, with only small amounts of water. Hydrogen should 
escape from this planet in a very short period of time and leave no observ¬ 
able water at all. It thus would appear that both oxygen and hydrogen 
must escape from the high atmosphere of this planet if we are to be con¬ 
sistent in our postulate that life may occur on this planet. An investiga¬ 
tion of the high atmosphere of the planet should be made in order to 
determine whether oxygen can escape and whether it is possible that 
water existed in large quantities in the past. 

The radius and mass of Mars are such that the planet may not have a 
core. If this is the case, it would indicate generally low temperature 
conditions for the origin of the planets. However, the radius of Mars is 
uncertain. Determinations of the radius have ranged from approxi¬ 
mately 0.52 to 0.535 of the radius of the Earth. The lower radii indicate 
that there is little core in this planet. The higher radii would indicate a 
moderate one. The question of the magnetic field of this planet is of 
great interest, especially in connection with the theory of the origin of 
magnetic fields generally, namely, due to circulation in the core of the 
planet. 

A blue haze exists in the high atmosphere of Mars, which disappears 
from time to time and whose origin is most uncertain. It has been 
ascribed to solid carbon dioxide, ice, fluorescence of free radicals, and 
carbon smoke. At the present time no agreement in regard to this 
phenomenon has been secured. It is to be hoped that observations in 
the future will lead to more definitive understanding both of the appear- 
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ance of the Martian upper atmosphere and the chemical composition 
of the atmosphere as a whole—now presumed to be mostly nitrogen, with 
demonstrated quantities of carbon dioxide and perhaps a small amount of 
argon. 

6.4 Asteroids 

The asteroids are small objects lying between Mars and Jupiter, and 
the problem of reaching them by space vehicles is considerably more 
difficult than reaching the other planets. We do not know the structure 
of these asteroids, the largest of which is 400 km in radius, but it is pre¬ 
sumed that the meteorites generally come from these objects as a result 
of collisions between them. This theory seems to be the most usual one 
that has been accepted in the past. Whether it would be possible to land 
instruments on an asteroid is difficult to say. The object is very small. 
It exists in a vast region of space. The orbits generally are inclined at 
rather large angles to the plane of the ecliptic, and the problem of guiding 
a space vehicle to an asteroid appears to be a difficult one. Samples of 
material from these objects would be most interesting from the point of 
view of meteorite studies and the abundances of the elements. 

6.5 Jupiter 

There are certain features of Jupiter which have been puzzling for 
many years. The weather bands are possibly qualitatively understood 
as merely the circulation on a rapidly rotating planet under the heating 
action of the Sun, but the great red spot which appears to be floating in 
some way on the surface is a very great puzzle. We do not know its 
composition, what holds it together, or why its movements are as they are. 
Also, the occurrence of bursts of radio emissions from somewhere deep 
below the visible surface of the planet has been a most interesting observa¬ 
tion in recent years. Observations of the radio emissions from Jupiter 
suggest that the planet has an ionosphere, a magnetic field of at least 
2 gauss, and that the sources of the radio bursts rotate with the surface of 
an invisible solid body. Further study of these phenomena is of con¬ 
siderable interest and may yield information bearing on the composition 
and physical state of the solid body of Jupiter. In this connection, 
although direct approach to the planet may not be feasible, use of one of 
Jupiter’s satellites as an observation point would avoid the extremes of 
gravity, if such a feat should become possible. The other major planets 
are probably beyond our most optimistic plans for the immediate future 
and will not be discussed. 
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FIG. 5. Jupiter, taken in blue light, shows the belts (which have 
been interpreted as analogous to weather or prevailing wind 
zones set tip by heating and circulation), the Great Red Spot, 
and satellite Ganymede and its shadow. (Courtesy of Mt. 
Wilson and Paloiuar Observatories.) 


6.6 Comets 

The comets are believed to be very loosely constructed, low-density 
objects from 1 to 100 km in diameter. The icy conglomerate model is 
generally accepted as most reasonable. It is suggested that they consist 
of cosmic matter, except for the absence of hydrogen, helium, and prob¬ 
ably neon, and that they contain chemical compounds of considerable 
energy content. They arrive from all directions with about equal prob¬ 
ability, become visible at about 5 A.U., and greatly increase in brightness 
as they approach the Sun. 

These objects probably contain most of the elements in some primitive 
cosmic proportions, and samples would be most interesting from the 
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point of view of elemental abundances. They are generally regarded 
as parts of the solar system. In this ease, the isotopic abundances 
should be the same as those of terrestrial matter. 

Whether it will be possible to send a space probe to the immediate 
vicinity of a comet is difficult to estimate at the present time. The 
aiming and guiding problems will be very great. However, because of 
the great interest of astronomers in these great distances from the Sun, 
consideration should be given to this problem. 

7. GENERAL CONSIDERATIONS IN THE STUDY OF THE PLANETS 

Special projects which can be undertaken or considered in the imme¬ 
diate future may well be summarized. 

1. Television observations of many features of the solar system at points 
either near the planets or on their surfaces are advisable. Such tele¬ 
vision observation should be made in light of varying wavelengths. 
Television from outside the planet could have a resolving power of per¬ 
haps 10 km or thereabouts. If soft landings can be made, television of 
the landscape and the immediate neighborhood, and even through mag¬ 
nifying apparatus, would be important in order to detect life, minerals, 
erosional and tectonic processes, and general topography. The tempera¬ 
tures might be determined from outside the atmosphere by using infrared 
radiation. 

2. Magnetic fields should be studied as mentioned previously. These 
can best be done from satellites of the planets because of the very large 
number of observational points that would be required on the surface. 

3. Temperatures should be determined. These can be done partly by 
infrared studies. With soft landings it may be possible to determine the 
temperature, pressure, and depth of atmosphere by suitable apparatus 
as a balloon descends. The ionic effects in the high atmosphere are of very 
great interest. The chemical composition of the atmosphere might be 
secured from spectra, mass spectrometers, or even from simple chemical 
analytical apparatus. In the case of Venus it would be interesting to 
detect oceans if they are present. 

4. By the use of satellites it should be possible to secure the mass and 
shape of Venus. Satellites would enable us to investigate the lightning 
flashes , if there are any, in the atmospheres of Mars and Venus. Also 
this should be a way of investigating the very interesting radiation of 
Jupiter. The planet radiates in the 14- and 27-Mc region and seems to 
have a rather sharp cutoff in the neighborhood of 30 Me per sec, but the 
low-cutoff region is unknown. 
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5. Seismic apparatus. The landing of seismic apparatus on the planets 

should be attempted in order to secure information about their internal 
structure. 

6. Biological tests. These are most important from the standpoint of 
detecting extraterrestrial life. Experiments which might feasibly be 
made with planetary probes and which might yield useful information 
can be categorized as follows: (a) Measurement of the physical and 
chemical characteristics of the environment. (6) Detection of spectra 
characteristic of known organic matter, e.g., chlorophyll, (c) Detec¬ 
tion by pulsed radar inspection of returns similar to those of terrestrial 
vegetation. ( d ) Detection of the growth of microorganisms by observa¬ 
tion of the products of metabolism: this to be done with a suitably instru¬ 
mented container designed to enclose a sample of the environment after a 
“soft landing.” (c) Photography and, in the case of soft landings, 
listening for noises, bee also Chaps. 19-20, concerned with the biological 
sciences and space research. 

In general, every opportunity should be taken for testing the validity 
of experimental techniques on the Earth by means of balloons, sounding 
rockets, and Earth satellites. 

Information of biological significance may need considerable simplifi¬ 
cation before transmission j information theory may be helpful j and 
simple, low-power, slow computers may be required. In the case of'some 
kinds of photography, it would be advantageous to be able to reduce the 
redundancy in successive pictures before transmission. 

7. Balloon flights in the Earth’s atmosphere should be encouraged and 
financed because nearly all that can be learned from the observation of 
light can be observed as well from the Earth as from near the planets, 
provided we can eliminate the effects of our own atmosphere. This can¬ 
not be done entirely by high-flying balloons, but very much better work 
can be done in this way than has been done in the past. Also, the expense 
of such balloon flights will prove to be much less than any interplanetary 
flights. 
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PHYSICS OF FIELDS AND ENERGETIC 

PARTICLES IN SPACE* 

J. A. Simpson 


I here exist processes within the solar system and elsewhere in the 
Galaxy whereby particles attain high energies through acceleration by 
large-scale electromagnetic processes, and not from nuclear or particle 
decay. The outstanding and historic example of this fundamental 
acceleration mode is the cosmic radiation, most of which comes from our 
Galaxy. The spectrum of particles includes the nuclei of the elements 
covering a vast range of energies extending up to at least 10 19 ev. At 
present we believe the energy density of the galactic cosmic rays is 
approximately equal to the energy density of galactic magnetic fields 
which interact with them. In turn, it appears that the turbulent energy 
density of the Galaxy is approximately equal to the magnetic field energy 
density. Thus energetic particles in the Galaxy are important for an 
understanding of the Galaxy. More recently, observations in the Crab 

* lhe content of this chapter and of Chaps. Id and 14 are based upon the paper by 
J. A. Simpson in Astrophysical Journal , Suppl., Ser. IV, No. 44, p. 378 (1900). Since 
the preparation of this part late in 1959, some new results have been obtained with 
space probes: some chapters have boon edited to account for those; e.g., references to 
such recent results have boon noted briefly wherever possible; Chap. 16 on auroral 
theory was prepared late in 1900. 
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Nebulae indicate that there is synchrotron radiation from accelerated 
electrons to account for the observed polarization of its light. 1 Non- 
thermal radio noise from sources within and beyond the Galaxy also 
point to the existence of energetic particles throughout the Universe. 

Within the solar system nature has provided several sources of acceler¬ 
ated particles. The most dramatic example is the acceleration of parti¬ 
cles to energies extending into the cosmic-ray range on the occasion of 
unusually large solar flares. Indeed, these solar flares represent the only 
direct observation of the birth of cosmic-ray particles. 2 Flares also 
appear to release lower-energy particles in great abundance. 3 Non- 
relativistic protons from the Sun enter the polar regions following solar 
flares; 4 auroral particles in the range of 50 to over 100 kev energy for elec¬ 
trons and protons are well established; much of the trapped radiation 
recently found 5 to exist in the terrestrial magnetic field is of high energy 
and partly may arise from local acceleration. Thus we find within the 
solar system the acceleration of particles covering a vast range of ener¬ 
gies—a range of over 10 decades of energy. Figure 1 gives an indication 
of the energy spectra of particles from different sources as they arc known 
at the present time. Spectrum a of the cosmic radiation, mostly from 
the Galaxy, has been derived from a series of measurements extending 
over 15 years. 6 The first spectrum derived from acceleration within the 
solar system is shown as spectrum b for protons from a large solar flare 
in 1956. 2 Spectrum c is also from a solar flare, which produced much 
lower energy protons. 3 Spectrum d represents the very recent measure¬ 
ment of the Van Allen trapped radiation close to the Earth. 7 

Particle acceleration by electromagnetic mechanisms within the solar 
system and Galaxy presents one of the major problems in physics at the 
present time. In many cases, even the location of the source is unknown 
to us. By an intensive study of particle acceleration, processes such as 
the solar flare may lead to our understanding the basic problems of 
acceleration and may open the possibility for extending this knowledge 
to the more energetic events in the Galaxy and beyond. Thus the 
primary discussion in what follows focuses upon solar-system physics. 

Although the basic mechanism for particle acceleration has not so far 
been uniquely determined and in many cases even the location for acceler¬ 
ation of particles in the solar system is unknown, it is certain that the 
mechanism and the region of acceleration are occupied by magnetic fields 
capable of transferring some of their stored magnetic field energy, and 
motions, to ions. Thus intimately related to the energetic particles are 
the magnetic fields in the solar system—especially at the Sun and in the 
interplanetary space nearby. 
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FIG. 1 . The spectra of energetic particles observed in the solar 
system. Dash lines indicate unknown extension of the spec¬ 
trum; asterisk denotes trapping in the geomagnetic field (some 
oi these particles are from neutron decay). All particle distri¬ 
butions except the cosmic radiation a arise from acceleration 
mechanisms within the inner solar system. The spectrum of 
the galactic cosmic radiation observed at Earth is controlled by 
solar-system electrodynamics. 


Stellar energy is the fundamental energy source for the generation of 
magnetic fields and acceleration of particles. Energy from the Sun’s 
interior is transferred, by mechanisms as yet not understood, to the over- 


lymg ionized high-temperature gaseous atmosphere—the chromosphere 
and corona. Motions are imparted to magnetic fields rooted in the 
photosphere, but extending into the chromosphere and corona, so that 
the manipulation of these fields from within the Sun results in energy 
transfers to the chromosphere and corona. A small fraction of stellar 
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energy is stored in these magnetic fields under conditions which frequently 
lead to instabilities and the sudden release of a substantial fraction of the 
stored magnetic energy in the form of kinetic energy imparted to the 
highly ionized gas. The solar-flare event is an outstanding example of 
this process. The intense local heating of the corona above active regions 
as a result of energy transfer leads to the rapid outflow of ionized gas, or 
plasma, into the outer fringes of the corona and interplanetary space. 

Close to the Sun near sunspots, the magnetic field energy density is 
generally such as to impart motions to the plasma and to control the 
plasma motions; but in the interplanetary medium the situation is 
reversed, and plasmas impart motions to the magnetic fields in situ and 
carry magnetic fields within the plasmas into space. Thus the inter¬ 
planetary medium near the Sun is in reality an extension of the solar 
atmosphere, composed of a quiescent outflow of gas upon which are super¬ 
imposed transient magnetic fields and plasma flows. Clearly, the whole 
interplanetary medium is pervaded by magnetic fields, partially ordered 
at some times and locations by solar plasma emission and disordered at 
other times and locations. Energetic particles coming from outside the 
Galaxy or from the Sun move along paths in these magnetic fields, 
whereby they eventually have access to all portions of the nearby inter¬ 
planetary medium. Whether particles from a given source direction 
have access to the Earth at any given time, for example, is determined by 
their energy and by the configuration of the interplanetary magnetic 
fields of solar origin. 

The interactions of these magnetic fields, plasmas, and energetic 
particles with the Earth’s permanent magnetic field, ionosphere, and 
atmosphere constitute the study of terrestrial phenomena of solar origin 
such as geomagnetic storms, the aurorae, ionospheric absorption effects, 
and the behavior of trapped particles in the geomagnetic field. In early 
years, most of these phenomena were studied by correlations between 
solar events and terrestrial consequences and constituted the subject of 
solar-terrestrial relationships. These correlations shaped some of our 
present ideas concerning the form of ionic streams from the Sun and the 
structures of interplanetary magnetic fields. 

Near the photosphere the existence of magnetic fields is shown by 
optical techniques such as the Zeeman effect. At greater distances the 
description of magnetic fields rests upon indirect evidence. In the region 
10 to 20 solar radii, solar eclipses help to suggest the configuration of 
magnetic fields near the Sun at various times of the solar cycle. Radio 
observations, where distant stars transit the outer fringes of the solar 
corona, permit studies of the variations in electron densities as a function 
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of position. 8 They suggest a considerable irregularity and disordering 
of the field regions. For the main volume of interplanetary space beyond 
this, deductions are based in large measure upon the way charged parti¬ 
cles coming to the Earth behave in the medium. Some of our prime 
evidence rests, first, on cosmic-ray particles which reach the Earth from 
the Galaxy and, second, on cosmic-ray particles released at the time of 
solar flares from the Sun. They behave as probes. The temporary 
storage of solar cosmic-radiation bursts provides the principal experi¬ 
mental evidence that magnetic fields are present, even though their 
detailed structure is open to debate. 

It has been proved within the last decade that the primary cosmic 
radiation coming to us from outside the solar system undergoes drastic 
changes in energy spectrum and intensity with time and that these 
changes are all of solar origin. It is the low-energy portion of the cosmic- 
ray spectrum that is profoundly influenced—the region below approxi¬ 
mately 50 Bev. This modulation of preexisting cosmic radiation has led 
to the development of models for the interplanetary magnetic fields of 
solar origin at different times in the solar cycle and has resulted in some 
tentative descriptions of the interaction of the interplanetary fields with 
the Earth’s fields and the plasma conditions in space around the Sun at 
special times of solar activity. Thus the cosmic radiation—both galactic 
and solar—are tools to probe further these fundamental questions, and 
the possibilities for direct observations of the cosmic radiation opened by 
satellites and space probes should lead to unique experiments. Because 
both acceleration of particles to high energies and the modulation of 
particles take place within the solar system by electromagnetic phe¬ 
nomena of solar origin, the investigation of the low-energy end of the 
primary cosmic-ray spectrum, and of even lower-energy particles, is of 
intense interest to investigators at the present time. Indeed, it is clear 
from Fig. 1 that the best-known spectra of energetic particles are those 
near relativistic energies and higher and that over the low-energy range 
of 0 to 10 7 ev very little information is available. Satellite and space- 
probe experiments will drastically change this situation. The inner solar 
system has become one vast laboratory for the investigation of dilute 
plasmas, magnetic fields, hydromagnetic waves, and shock phenomena 
that cannot be scaled down properly for laboratory study. For example, 
the question of the validity of the three adiabatic invariants for the 
trapping of charged particles in the geomagnetic field is of special interest 
to those concerned with the general problem of energetic particle contain¬ 
ment by magnetic fields. It will not be surprising, therefore, if out of 
these studies there also unfold new ideas regarding the behavior of dilute 
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plasmas and shocks in magnetic fields which may have application to 
laboratory experiments such as thermonuclear reactions. 

From the above introductory remarks, it is clear that one must cut 
across fundamental fields in both physics and astrophysics to approach 
the basic questions of particle acceleration, the generation of magnetic 
fields in stars and space, and the motions of matter and fields in space. 
This rapidly developing area of research may appropriately be called 
“high-energy astrophysics.’ 7 From a humble beginning with studies in 
the solar system, a better understanding may come of broad cosmological 
questions such as the development of galaxies, origin of the high-energy 
cosmic radiations, origins of magnetic fields associated with the planets 
and stars, etc. 

The prime purpose of this chapter is to set forth some current funda¬ 
mental problems in this field which may be open to attack through inves¬ 
tigations outside our atmosphere. Thus we outline briefly what we are 
learning about the interplanetary medium, the solar atmosphere, and the 
interaction of these regions with the geomagnetic field. Our attention is 
devoted to atomic matter in space, its charge and mass, to magnetic and 
electric fields in space, to energetic particles, and to their origins and 
acceleration processes. Thus this chapter briefly outlines only a limited 
selection of topics. Other than for questions concerned with the geo¬ 
magnetic storm and the trapping and motion of particles in the geo¬ 
magnetic field, no discussion has been included on the immediate region 
about the Earth such as the ionosphere, the permanent magnetic field of 
the Earth,* or the recent findings on ring currents in the geomagnetic 
field, f We have excluded discussion of such larger particles as molecules, 
dust, and micrometeorites, all of which contribute to our knowledge but 
which are discussed elsewhere in this volume. 

Several experiments and observations are discussed that take advantage 
of the recent technical advances in rocketry, satellites, and space probes. 
These vehicles, when combined with recent developments in balloon 

* On recent measurements of the geomagnetic field relatively close to the Earth, 
see, for example, J. P. Heppner, J. D. Stolarik, I. R. Shapiro, and J. C. Cain, in “Space 
Research,” p. 982 (North-Holland Publishing Co., Amsterdam, I960). 

t Magnetometer measurements on USSR space probes I and II indicate the exist¬ 
ence of current systems within the outer radiation belt; see S. S. Dolginov, E. G. 
Eroshenko, L. N. Zhuzgov, N. V. Pushlcov, and L. O. Tyurtnina, in “Space Research,” 
p. 863 (North-Holland Publishing Co., Amsterdam, 1960). Current systems beyond 
the range of 6 earth radii have been deduced from magnetometer data obtained on 
Explorer VI and Pioneer V; see E. J. Smith, P. J. Coleman, IX L. Judge, and C. P. 
Sonett, Jour. Geophys. Res., 65, 1858 (1960). 
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THE INTERPLANETARY GAS AND 

MAGNETIC FIELDS 

£. N. Parker 


l CONDITIONS AT THE SUN 

I he Sun is a spherical mass of gas forming the energy source for 
essentially all the dynamical processes occurring in the solar system. 1 
The central temperature of the Sun is of order of 15 X 10 6 °K. The 
total mass is 2 X 10 M g, most of which is in the central core: the mean 
density is 1.4 g per cm 3 ; the density at the center is about 100 g per cm 3 ; 
the density at the photosphere is 10~ 8 g per cm 3 . Energy production 
in the Sun is at the rate of 2 ergs per g sec, largely as a consequence of the 
proton-proton chain, forming helium. It is interesting to note that the 
extreme brightness of the Sun is more a consequence of its large mass 
than a high metabolic rate, for a comparable mass of living, breathing 
humans would generate 5000 times as much heat as the Sun. 

The visible surface of the Sun, the photosphere, has a diameter of 
1.4 X 10 6 km. On the other hand, the visible surface is an imponderable 
thing, being the result of a tenuous distribution of negative hydrogen 
ions, rather than any substantial surface. Thus it might be better to 
give a much smaller diameter, such as 0.8 X I0 6 km, for the Sun itself, 
referring to everything outside the core as the solar atmosphere. For 
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it is outside the core that the convective churning takes place, resembling 
somewhat the meteorological effects that occur on Earth as a result of 
the daytime surface heating. The convective zone in the Sun begins 
about 0.5 X 10 6 km from the center of the Sun and ends near the top 
of the negative hydrogen-ion clouds that form the visible surface. 

The churning motions in the convective zone are as fast as 1 km per 
sec in the upper regions and evidently lead to the small (1000-km) 
convective cells, called granules, which are observed to cover the photo¬ 
sphere. In some way the convective motions may also be responsible 
for the spicules, which appear to be 30 km per sec jets of gas spurting up 
continually over the entire surface of the Sun. 

Above the 6000°K photosphere the temperature of the gas decreases 
slightly and then rises rapidly to form the solar corona, which is a region 
of hot (10 6 °K), tenuous, ionized gas extending far out from the Sun into 
interplanetary space. Apparently the corona is heated by the dissipa¬ 
tion of sound waves and hydromagnctic waves generated in the convec¬ 
tive zone. 2 During an eclipse of the Sun by the Moon the corona can 
be observed as far as 20 solar radii (14 X 10 6 km) into space. The 
corona is visible largely because white light from the photosphere is 
scattered by the free electrons of the corona. 

The Sun is observed to have a general dipole magnetic held of about 
1 gauss extending up through the negative hydrogen-ion clouds; at 
present the lines of force extend outward from the south polar region and 
in at the north polar region. The field is observed to reverse in periods 
of years. 3 In the equatorial regions the magnetic field is constantly 
shifting and is too disordered to be assigned any general topological 
character. It appears to have an average strength of the order of 1 gauss, 
though there is recent indication that over the dimensions of one granule 
the local field intensity may be as large as ± 5 gauss. 

Into this picture of the quiescent Sun there regularly intrudes, on 
a 22-year cycle, regions of disturbance collectively called solar activity. 
The most obvious disturbance is the sunspot, often visible to the naked 
eye at sunrise or sunset. The sunspot is a cool (4500°K) region visible 
as a dark spot in the negative hydrogen-ion clouds. The sunspots have 
associated with them magnetic fields up to 3000 gauss and characteristic 
dimensions of the order of 10 4 km. If the lower temperature of the 
sunspot observed in the photospheric clouds should extend to a depth as 
great as the observed width of the spot, then the magnetic field of the 
sunspot is probably nothing more than a sweeping up of the general 
1-gauss field by the anticyclonic motions of the gas in the spot. Because 
of their conspicuous nature, the occurrence of sunspots is often used as 
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an index of solar activity. It should be noted, however, that the sunspot 
may be only one symptom of the progress of much deeper lying processes. 
Therefore the number of visible sunspots must not be interpreted too 
literally as “solar activity. 7 ’ 

Sunspots usually form in the broad, active regions which appear at the 
photosphere during the years of solar activity. The active regions 
exhibit enhanced emission in calcium and generally enhanced magnetic 
fields (up to several gauss over extended regions of the photosphere). 
What lies in the murk beneath an active region we do not know. Above 
them, we find cool, bright clouds of gas, called quiescent prominences, 
apparently suspended in the solar magnetic fields. One also finds active 
prominences which surge out from the photosphere, usually draining 
back but sometimes disappearing IQ 5 or more kilometers above the solar 
surface. The corona associated with or lying above an active region 
is hotter than the 1 to 2 X 10 6 °K corona of the quiescent Sun, being 2 to 
3 X 10 6 °K, or even 4 X 10 6 °K following particularly active occasions. 

The solar flare is, so far as interplanetary and terrestrial effects are 
concerned, perhaps the most important aspect of the visible solar activity. 
Ultraviolet and X rays may be absorbed at Earth within minutes of the 
flare onset. The large flares herald a sudden outburst of solar activity, the 
results of which may be observed at Earth one or two days later as aurorae, 
magnetic storms, cosmic-ray decreases, etc. A solar flare is a bright 
cloud materializing above the photosphere in a period of a few minutes 
and lasting perhaps half an hour. Flares are associated with sunspots 
and particularly with sunspot groups. They range in size and brightness 
from the barely visible class 1 flare, which may appear every 30 min or so 
in an active region, to the giant class 34- flare, which may be brighter 
than the neighboring photosphere and occur but a few times a year. A 
large flare, with dimensions of the order of 4 X 10 4 km, may radiate 
1.0 32 to 1.0 33 ergs of energy during its life of 10 3 sec. This is so much 
energy that its only plausible source is the annihilation of magnetic 
fields of 500 gauss or more. The large flare is an indication that the coro¬ 
nal temperature over the active region may increase by 1 to 2 X 10 fiO K. 

The individual active regions in the Sun often maintain their identity 
for several solar rotations (^27 days per rotation) so that the terrestrial 
effects for which they are responsible show a 27-day recurrence tendency. 


2. INTERPLANETARY SPACE 

Consider the extension of the Sun into interplanetary space. The 
solar corona, with its 10 6 °K temperature, is obviously entirely ionized. 
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Its composition is undoubtedly comparable with that of the bulk of 
the Sun, i.e., mainly hydrogen, with perhaps 1 in 10 or 20 atoms being 
helium, and a trace of the heavier elements. At a height of 3 X 10 6 km 
above the photosphere, the density is approximately n — 3 X 10 7 atoms 
per cm 3 . For all practical purposes this may be regarded as 3 X 10 7 
protons and 3 X 10 7 free electrons per cm 3 . The corona is visible largely 
as the result of the scattering of sunlight by the free electrons. Quanti¬ 
tative measurement of the intensity of scattered light has shown that 
the coronal electron density is continuous from the Sun out at least as 
far as the orbit of Earth, where the density has fallen to the order of 
100 electrons per cm 3 . We may infer from this that the proton density 
is also ^10 2 per cubic centimeter at the orbit of Earth because the 
interplanetary medium must be electrically neutral. Chapman 6 has 
pointed out that this interplanetary gas may be nothing more than the 
hydrostatic extension of the normal 2 X 10 6 °K solar corona in the solar 
gravitational field. 

The original suggestion of Lindemann, that streams of ionized gas 
from the Sun are responsible for the geomagnetic storm and the aurora, 
is now generally accepted, largely because of the work of Chapman and 
Ferraro. 6 ’ 7 Observations show that, one or two days following a violent 
flare and solar eruption, the aurorae and the geomagnetic fluctuations 
greatly increase for a day or so. This is attributed to the effects of 
ionized gas ejected from the Sun with velocities of one or two thousand 
kilometers per second (so that the transit time to Earth at a distance of 
1.5 X 10 13 cm is a day or two). 

The direct evidence supporting the view that ionized gas moves out¬ 
ward from the Sun is rather meager. It is based principally on the 
Biermann’s 8 analysis of the motion of Type 1 comet tails. These 
comet tails consist largely of ions (such as CO and CN 2 molecular ions) 
and accelerate straight away from the Sun. Biermann pointed out that 
ionization and excitation of such tails, as well as the large observed 
acceleration away from the Sun, can be accounted for only as a conse¬ 
quence of solar corpuscular emission. lie pointed out that while comets 
are a relatively rare occurrence, the indications are that material is 
always streaming out from the Sun in all directions. For the quiescent 
Sun Biermann suggested corpuscular streams with velocities of the 
order of 500 km per sec and densities of the order of 100 particles per 
cm 3 . This density is substantiated by the observed electron scattering 
of sunlight from interplanetary space. When the Sun is active, the 
comet tails suggest that the stream velocities may for brief periods 
reach 1500 km per sec and the densities may approach 10 4 per cubic 
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centimeter. Biermann cautions that comet tails show evidence of 
magnetic fields, with their fine striations and helical motions, so that a 
simple interpretation of their motion may at best be only qualitatively 
correct. 'Thus, while we accept the comet analysis as a working hypothe¬ 
sis, it is nonetheless important that the corpuscular streams be observed 
directly trom space vehicles in order to establish their nature in a more 
quantitative fashion. 


Some of the strongest arguments for the existence and structure of 
magnetic fields in interplanetary space, and their solar origin, have come 
from cosmic-ray experiments over the past decade. This evidence is 
discussed in Chaps. 13 and 14. 

To go beyond these few basic observations it becomes necessary to 
build a theoretical model, based on inference and indirect argument. 
The validity of any such model can be judged only by careful calculation, 
so that the quantitative results which a model produces can be com¬ 
pared with the number of ad hoc assumptions. Until direct observa¬ 
tions are made in the geomagnetic field and in interplanetary space, 
any such models as one may construct must be regarded as a working 
hypothesis at best. It will be our purpose to outline a working model 
of the dynamical effects at the Sun and the way in which it appears that 
they may affect Earth. 


3. SOLAR WIND 

Let us begin with Biermann’s comet analysis, 8 suggesting that corpuscu¬ 
lar streams are more or less continuously issuing from the Sun with 500 km 
per sec velocities. Instead of the usual assumption that the solar corona 
is in hydrostatic equilibrium, we admit of the possibility that it may be 
expanding hydrodynamically. With a simple spherically symmetric coro¬ 
nal model it is easily shown 9 that if the observed 2 X 10 6 °K temperature is 
maintained to 5 solar radii, then a 500 km per sec expansion with a 
density of 100 ions per cm 3 at the orbit of Earth is the result. The 
coronal temperature can be observed as far out as 3 solar radii, and 
there is no sign of the temperature decreasing. Thus it is tempting to 
assume that Biermann’s corpuscular streams may be the result of a 
simple hydrodynamic expansion of the solar corona. Accordingly, we 
should prefer a hydrodynamic terminology. We shall refer to the 
500 km per sec efflux of gas from the Sun as the solar wind. And we 
shall construct our model of the dynamical conditions in interplanetary 
space with no other solar emission than this hydrodynamic solar wind, 
which of course may vary with solar activity within the range already 
indicated. 
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4. MAGNETIC FIELDS IN INTERPLANETARY SPACE 


To progress further with our understanding of the extension of the Sun 
into interplanetary space, we must discuss some of the dynamical 
properties of the interplanetary gas. tor instance, the mean tiec path 
of a thermal proton in interplanetary space (where the density is 100 
ions per cm) is of the order of 10 5 km if the gas is 10 Iv, and 10 km 
if 10 5 °K. The electrical conductivity is approximately 10 7 T : ^ esu, or 
10 13 to 10 15 esu, depending upon the temperature. Such a high electrical 
conductivity means that the gas will tend to carry with it any magnetic 
fields that are present. It can be shown (using the skin-depth formula) 
that the rate at which a material medium of electrical conductivity a can 
drift across the lines of force of a magnetic field B of scale Z is c 2 /la cm 
per sec. Thus if lvcr/c 2 » 1, where v is the velocity of the medium, the 
magnetic field is dragged along by the gas; the lines of force aie fiozen 
into the medium. As a consequence of the large scales associated with 
nearly all astrophysical phenomena, the magnetic Reynolds number 10 
Iv<t/c 2 is large. For instance, above a sunspot (Z ^ 10 4 km) a temperature 
of 10 4 °K yields a magnetic Reynolds number of 10 6 with velocities of 
only 1 km per sec. The same velocity in the solar corona at 10°°K, and 
a scale of 10 5 km, yields 10 10 . At the orbit of Earth, 10 4 °K and 1 km per 
sec yields 10 10 because the scale is so large (Z = 10 13 cm). We conclude 
that the coronal gas and the solar magnetic fields are inseparable. Where 
one goes, there also must go the other. This point was first emphasized 


by Alfv6n. 

Magnetic lines of force do not have ends. Each line is infinitely long, 
circling incommensurably round and round through the region occupied 
by the field. With such high magnetic Reynolds numbers, a given line 
of force must be regarded as a permanently connected topological entity. 


It may be pulled and stretched and twisted without limit, but its topology 
cannot be altered. 11 Thus it is convenient to think of the lines of force as 
infinitely extensible rubber bands. In this way the deformation by a 
given fluid motion is easily visualized. 

Of course, a conducting fluid may flow freely along the magnetic lines of 


force, but if it flows in a direction perpendicular to the lines of force, it 
must carry the lines with it. The energy density or stress in a magnetic 
field is essentially B 2 /8tt. The energy density or stress in an ionized gas 
of N atoms per cm 3 and temperature T is essentially 2NkT. If B 2 /8tt > 


2 NkT, then the magnetic field stress dominates, and the gas is effectively 
limited to flow along the lines of force. The field may have nearly a 
static-equilibrium configuration unless the gas has such large macro- 
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scopic velocity that the kinetic energy density l/2NMv 2 exceeds B 2 /8t; 
i.e., only if the velocity v is highly supersonic will the field be distorted 
significantly by the gas motions. On the other hand, if B 2 /8t < 2 NkT, 
then it is the fluid pressure which dominates and determines the magnetic 
configuration. If the fluid has significant mass motion, it will carry the 
field with it. 

lo apply these principles to the Sun, consider the solar corona 3 X 10 5 
km above the photosphere where N = 3 X 10 7 and T = 2 X 10 6 °K. 
Then the gas pressure is 1.7 X 10“ 2 dyne per cm 2 . The general solar 
field of 1 gauss carries a stress of 4 X 10“ 2 dyne per cm 2 so that the gas 
and field have comparable strengths. Thus each may be expected to 
influence the motion and configuration of the other. On the other hand, 
suppose we make the assumption that the solar dipole field extends to the 
orbit of Earth, which is at a distance of some 210 solar radii. Then the 
1 gauss observed in the photosphere yields 10“ 7 gauss at Earth. The 
magnetic stress is accordingly 4 X 10“ 16 dyne per cm 2 , whereas 100 atoms 
per cm 3 at 10 4 °K yields 3 X 10“ 10 dyne per cm 2 . Thus a hypothetical 
solar dipole field would be completely overwhelmed in interplanetary 
space and would be twisted and contorted out of recognition by the 
slightest interplanetary-gas motions. 

In particular, the solar wind extends the lines of force of the general 
solar field into a radial configuration. Each line of force is drawn out 
radially through interplanetary space for as far as the solar wind blows, 
and we have no way of estimating how far that might be except that it is 
beyond the orbit of Earth. Somewhere far out in interplanetary space 
the lines of force issuing from one solar hemisphere cross the equatorial 
plane and return to the opposite hemisphere. It is easily shown from 
geometrical considerations that if the lines of force of a 1-gauss field are 
extended radially from the Sun, the field density at the orbit of Earth 
will be close to 2 X 10“ 6 gauss. Of course, the lines of force are really 
only approximately radial, so that 2 X 10“ 6 gauss is only an approximate 
density. In the first place, the Sun rotates about once each 27 days so 
that the lines of force spiral somewhat, being inclined perhaps 20 to 30° 
to the radial direction at the orbit of Earth. In the second place, within 
about one or two solar radii of the Sun, the magnetic field is sufficiently 
strong that it partially guides the coronal expansion, tending somewhat 
to concentrate the outward flow toward the equatorial plane. Thus, 
though we shall speak of the “radial” solar field, it must be remembered 
that the concept, is only a rough working model. 

If one investigates the stability of the radial solar field, he finds that 
there are two mechanisms which may cause disorder beyond the orbit 
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of Earth. 12 As already noted, the mean free path of an ion in the solar 
wind has become rather long, 10 5 to 10 7 km, by the time the orbit of Earth 
is reached so that the expansion of the outward-flowing gas perpendicular 
to the radial direction will decrease the thermal motions in that direction 
without a corresponding decrease in the radial direction. Near the orbit 
of Earth, where the magnetic field is still principally radial, this anisot¬ 
ropy in the thermal motions may lead to “hose instability, ,, in which the 
dominant thermal motions along the lines of force increase any kink in 
the field with their centrifugal force. Far beyond the orbit of Earth, 
where the increased spiraling makes the field more nearly azimuthal, the 
anisotropy leads to a clumping of the field with particles accumulating 
in the regions of weak field. The scale of such disorders would appear to 
be of the order of 10 6 km. 

The development of many of our theoretical ideas, such as both the 
radial field inside the orbit of Earth and the disordered field outside, have 
come as a result of the cosmic-ray evidence to be discussed in a later 
section. 

i 

5. INTERPLANETARY DYNAMICAL EFFECTS PRODUCED BY THE ACTIVE SUN 

Large solar flares usually herald an increase in the local coronal tem¬ 
perature, which sometimes rises to 4 X 10 6 °K. It is readily shown from 
the hydrodynamic equations that such a sudden increase of temperature 
and gas pressure will lead to an enormous outburst of solar gas, rushing 
out into interplanetary space. Since the conducting gas carries with it 
its central magnetic field and since no field-free regions are observed on 
the Sun, it follows that there can be no field-free plasma cloud from the 
Sun in interplanetary space. The outward expanding gas forms a shock 
wave of considerable strength. The shock will have a sharp front 
(< 10 4 km) in spite of the very long mean free paths, for in the absence 
of collisions there is the radial solar field, which may produce a shock 
interaction via the hose instability. 

The high velocity behind the front will draw out the lines of force 
from the Sun in a more nearly radial direction than had the slower-moving 
gas ahead, so that a jog in the lines of force at the front must result. In 
the jog the field density may be increased by as much as a factor of 10, 
and it will be shown later that this may have important cosmic-ray effects. 

Gold and Morrison suggested some years ago that the outburst of gas 
associated with a solar flare may inflate portions of the magnetic field 
associated with the sunspot group containing the flare. In this way a 
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long tongue of reentrant field would he pushed out from the Sun, sweeping 
across the orbit of Earth a day or two after the flare. 13 They have 
argued that such a magnetic tongue is necessary to account for certain 
observed cosmic-ray phenomena, which will be discussed later. Pidding- 
ton has recently suggested a somewhat similar model. 14 Whether such 
tongues, rooted in the Sun, must be added to the solar wind and radial 
field model is a question which will probably have to be decided by direct 
observation of solar wind density and velocity, along with simultaneous 
magnetometer and cosmic-ray intensity measurements. 

Now consider the terrestrial effects of the solar wind. The solar wind 
blowing against the geomagnetic field can push tongues of gas in between 
the lines of force to a depth where the magnetic stress density becomes 
comparable with the pressure of the wind. The solar wind of 500 km per 
sec and 100 ions per cm 3 , produced by the quiet Sun, can in the equa¬ 
torial plane intrude into the geomagnetic field to within about 5 Earth’s 
radii of the center of Earth, where the field is ^3 X 10~ 3 gauss. The 
geomagnetic lines of force crossing the equatorial plane at 5 Earth’s radii 
come down to the surface of Earth about 25° from the geomagnetic poles. 
All lines of force reaching the surface nearer to the poles than 25° must 
be seriously disturbed by the solar wind. 15 And in fact, one observes 
perpetual geomagnetic agitation at polar geomagnetic stations. Further, 
in the auroral zone, normally lying 20 to 25° from the geomagnetic poles, 
one observes an aurora every clear night, so that the aurora does indeed 
occur at the base of those lines of force which go out to the solar wind and 
thereby communicate with material from the Sun. When the solar wind 
is high, as a consequence of solar activity, the wind may intrude to within 
about 1 Yi or 2 Earth’s radii, which is in agreement with the observation 
that the aurora may then be observed at 30 to 50° geomagnetic latitude. 
Such high solar winds may be able to account in a simple way for the 
observed primary auroral proton spectrum. 16 

It has been believed for a long time that the shock wave from a solar 
outburst was responsible for the sudden commencement of the geomag¬ 
netic storm, 6 and it has been shown 16 recently that field free plasma 
injected into the geomagnetic field, by intrusive tongues of solar wind, 
can account for the main phase of the geomagnetic storm, in which the 
horizontal component at the surface of Earth decreases by perhaps 10~ 3 
gauss for a day or two. 

Thus there is substantiating geophysical evidence for both the quiet 
day and the enhanced solar wind. In a later section we shall discuss the 
cosmic-ray evidence. 
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THE ACCELERATION AND PROPAGATION 

OF PARTICLES WITHIN THE 

SOLAR SYSTEM 

i. A. Simpson 


l THE EXPERIMENTAL DATA 


Of the various phenomena leading to the acceleration of charged 
particles in the solar system, the most energetic is the solar-flare produc¬ 
tion of cosmic-ray particles. This is the only process for which the birth 
of cosmic rays has so far been observed. Since their first detection in 
11)42 there have been five events* which clearly fulfill the condition of a 
particle-intensity increase following closely a solar flare; however, only 
the last of the five events—the flare of Feb. 23, 1956—provided undis¬ 
puted evidence for particle acceleration to relativistic energies in the 
vicinity of the solar flare and for particle storage in magnetic fields in 
the interplanetary medium. 1 Therefore we discuss this event in detail 
as an example of the type of phenomenon leading to the production of 
relativistic particles and to their use for probing magnetic fields in the 

* A short-lived burst of relativistic particles appeared on May 4, 1960, along with 
nonrelativLstic protons which escaped from the inner solar system gradually over a 
period of 3 to 4 days following the solar flare. 
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interplanetary medium. Recently, measurements at very high altitude 
have revealed intense fluxes of nonrelativistic particles occurring much 
more frequently from large solar flares, and these events will also be 
reviewed. These phenomena and their interpretation provide a basis 
for future experiments in rockets and space probes to extend our knowl¬ 
edge of the acceleration mechanism and composition of the radiations 
at even lower energies, where, as shown in Fig. 1 of Chap. 11, very little 
is known about energetic particles in nature between 0 to 10 7 ev. 

Within the chromosphere and between a pair of sunspots there often 
occurs a sudden increase in the optical and radio emission of much greater 
intensity than the chromospheric and coronal background emissions. 



FIG 1. The great solar flare of Feb 23, 195(5, recorded in the 
light of H a (see Ref. 2). 
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FIG. 2. The intensity increase of secondary neutrons generated 
in the atmosphere from primary solar-flare protons. These 
observations were obtained with a neutron monitor pile at 
Chicago. 


The intensity may rise to a maximum value within minutes and continue 
at a high level for times of an hour or more. From the emission in H« 
and from the cosmic-ray evidence, the total energy expended in solar 
flares extends over a range of 10 ,io to 10 33 ergs, released in solar volumes 
<10 2U cm 3 . Since the total energy content of the entire solar corona 


and chromosphere is less than the flare energy, the energy required for 
immediate release in a flare event must have been stored in the vicinity 
ol the flare prior to the onset of the event and could not have been drained 
from the surrounding regions. This implies that the energy was stored 
within the local magnetic fields between the sunspots. If the magnetic 
fields are not stable and release some of their energy as kinetic energy, 
then in the motion of the magnetic fields interacting with the surround¬ 
ing plasma, it is not unreasonable to expect the appearance of both 
electromagnetic radiation and charged-particle acceleration. Thus the 
large solar flare is a readily distinguished process in solar physics which 
occurs at unpredicted times and is statistically related with special 
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FIG. 3. The time sequence of phenomena 
related to the solar flare and solar protons. 


electromagnetically active regions on the Sun. Figure 1 shows the 
H« recording of the flare for Feb. 23, 1956. 2 White-light emission was 
also observed. From the fact that the radio-emission frequencies 
rapidly descended downward in time to approximately 19 Me, it 
appears that the location for the source of energy release extended 
rapidly outward to at least a solar radius beyond the photosphere. 

We emphasize here the energetic-particle observations. By 0341 UT, 
the solar particles began to arrive within special regions of the geo¬ 
magnetic field. The general form of a cosmic-ray increase resulting 
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from the solar flare is shown in Figs. 2 and 3. Continuous measurements 
aie obtained by detecting the secondary nucleonic (neutron) or meson 
components generated by the primary radiation. The initial time of 
intensity increase following the preflare level of intensity is defined as the 
onset time. One of the characteristics discovered regarding the arrival 
of the first particles from the flare is that the highest-energy particles 
appear to arrive ahead of the low-energy particles, the spread in time 
being the order of 10 to 15 min for an energy range of 10 Bev for protons. 3 
This has been defined as a dispersion effect and is shown in Figs. 4 and 5 
for the Feb. 23, 1950, flare. Examples of prompt and delayed onset 
times are shown in Fig. 4 taken from a world-wide distribution of cosmic- 
ray-mtcnsity recorders. From the dependence of intensity with time 
at late times, the primary flare particle spectrum in Fig. 6 has been 
constructed taking advantage of the geomagnetic field analysis possible 
for a world-wide distribution of neutron intensity monitors. From 
these data theoretical models may be constructed for the production, 
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FIG. 5. The spread in time of the first arriving particles as a 
function of energy. This is called the dispersion effect and 
probably results from particle diffusion through relatively 
intense but irregular magnetic fields at the Sun. pi is the 
Larrnor radius of the charged particle inside the magnetic 
irregularity of scale size X. 

propagation, and escape of solar cosmic rays from the solar system. 
Since deductions on the likely acceleration process and release of energy 
at the source depend upon the consequences of the analysis of experi¬ 
mental data regarding their propagation and storage, especially relative 
to the total energies involved, the problem of production is deferred 
until later. 

The progress of the Feb. 23, 1956, event may be described as follows: 
The first arriving particles come to the earth from a limited-source 
direction in the sky. This apparent source is a relatively large area 
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which includes the Sun. Initially the particles arc of the highest energies 
in the flare spectrum; subsequently the whole sky becomes “illuminated” 
with particles extending to lower energies; for these low-energy particles, 
and late-arriving high-energy particles, there appears to be remarkable 
isotropy. Following the onset of isotropy, the particle intensity gradu¬ 
ally diminishes with the flare particle spectrum essentially unchanged as 
shown in Fig. 6, while the particles escape from the magnetic fields 
which store them in the solar system. The intensity at the Earth is 
observed to diminish to its preflare level within a period of 15 to 20 hr. 

The time sequence of events immediately suggests three intervals in 
the development of the cosmic-ray flare: 


FIG. 6. The differential 
magnetic rigidity spec¬ 
trum for the solar protons 
after particle storage or 
trapping in the solar 
system had taken over. 
Here the particle mag¬ 
netic rigidity N = pc/Ze, 
where p is momentum, c 
is velocity of light, Ze is 
the particle charge, N is 
measured in volts. The 
scale is given in Bv = 
billion volts. 
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1. Beginning with the initial release of high-energy particles to the 
time when the cosmic-ray intensity reaches a maximum at the Earth, 
the particles come from a limited source direction, this peruxi of 
time is of the order 10 min to H hr > depending upon the solar-flare 

event. . , . . , 

2. A brief period of transition sets in when particles begin to arrive 

from directions other than the source. This suggests that particles 
arrive late following scattering or passage through preferred, magnetic 
channels in the magnetic fields connecting the Earth and the Bun region. 

3. At late times, when isotropy has been established, all evidence for 
the release of energy in the solar-flare region has vanished, but the influx 
of cosmic-ray particles at the Earth continues for many hours. This 
fact and the fact that no source direction persists for even the highest- 
energy particles strongly support the view that the Sun accelerates 
particles only during a short interval of time and that the particles are 
trapped and stored in interplanetary magnetic fields subsequently to 
be lost from the solar system or to arrive at the Earth, lhe decay 
mode of the particles from the vicinity of the Earth opens the possibility 
for determining the characteristics of the storage magnetic fields. I his 
kind of evidence for the storage of charged particles is at present the 
strongest evidence for the existence of interplanetary magnetic fields. * 

It is known from the arrival of solar protons at the equator from the 
vertical over Huancayo, Peru, that particles in excess of 24 Bev must 
have been present in the flare spectrum. The lowest energies detected 
were of the order of 1 to 2 Bev measured at high latitudes by balloon 
flights. The absorption mean free path was consistent with the assump¬ 
tion that the radiation was mainly, or entirely, protons. At even lower 
energies, one must turn to indirect evidence regarding the spectrum 
below 100 Mev. From the analysis of ionospheric forward-scatter 
radio measurements by Bailey 4 and from the interpretation of certain 
types of cosmic-noise absorption from more recent events by Iattle, 
Eeid, and Leinbach, 6 it seems clear that at the time of the teb. 23, E)o(>, 
flare, there was production of very low energy particles, probably extend¬ 
ing below ~10 Mev for protons with a relatively flat spectrum. Indeed, 

* Space probe Pioneer V, launched Mar. 11, 1960, carried a magnetometer and 
charged-particle detectors. The magnetometer shows directly the existence of weak 
fields in interplanetary space; see P. J. Coleman, Jr., L. Davis, and . cm( _ '» 

Phys. Rev. Letters, 5, 43 (1960). The charged-particle observations following the 
solar flare of Mar. 30, 1960, show that these fields must be of largo scale and arc 
manipulated by solar plasma; see C. Y. Fan, P. Meyer, and J. A. Simpson, 1 hys. Rev. 
Letters , 5, 269 (1960). 
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as we discuss later, there is strong evidence that many large flares 
produce these nonrelativistic particles which have access to the Earth. 

The spectrum shown in Fig. 6 is the spectrum of stored particles. The 
spectrum at time of production is unknown, but presumably is less 
energy-dependent since high-energy particles in a storage field tend to 
escape more readily than low-energy particles to form a steeper spectrum 
than originally existed. The composition of the radiation from the flare 
is consistent, the bulk of the radiation being protons, although a large 
component of singly and doubly ionized helium nuclei is by no means 
excluded. The existence of these nuclei and heavier elements for this 
flare was not determined. This constitutes one of the most important 
problems for study with satellites and space probes. From evidence 
obtained at low energies during at least one other flare, it seems that 
alpha particles may be accelerated by the Sun. 6 

2. MAGNETIC FIELDS TO ACCOUNT FOR THE PROPAGATION, STORAGE, 

AND ESCAPE OF SOLAR COSMIC RADIATION 

An explanation for the foregoing evidence requires the existence of 
storage or trapping magnetic fields. At present we are only at the 
threshold of understanding solar electrodynamic phenomena and dilute 
plasmas, and therefore proposals for the origin and structure of inter¬ 
planetary magnetic fields are numerous and in dispute. However, the 
requirements imposed by the dispersion, anisotropy, and subsequent 
isotropic storage of solar cosmic rays considerably limit these possibilities 
and, in fact, provide the most direct evidence for the existence of inter¬ 
planetary magnetic fields within the inner solar system. This fact 
has stimulated investigations on the origins of these fields, from which 
some fairly clear, but still controversial, ideas are beginning to emerge. 
Some of the main lines of thought at the present time have been sum¬ 
marized in Chap. 12 and are largely based upon our increasing knowledge 
of the propagation of charged particles in the solar system. The solar 
origin of the major magnetic fields in the interplanetary medium seems 
clear, and as a result, the interplanetary magnetic fields must be assumed 
to change with time, especially throughout the progress of the solar 
activity cycle. Thus one of the basic difficulties in attempting to 
obtain a general picture of the particle motions in magnetic fields is that 
the field configurations may change from time to time and from event 
to event. The main problem at present is therefore to understand the 
principal features of the field structure, leaving the details to be filled 
in for the individual events under study. 
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We begin by considering what the requirements are for the storage of 
cosmic-ray particles once the radiation arriving at the Earth appears 
isotropic. We note that the first arriving particles appeared to come 
from a definite source direction, including the Sun. From the details 
of this evidence, the intervening magnetic fields could not have been 
highly disordered and strong so as to produce large scattering of the 
high-energy particles between the Sun and the Earth. This leaves two 
possibilities: (1) either there was a negligible field between the coronal 
fields of the Sun and the Earth, or (2) there was an approximately radial 
field connecting the Sun and the Earth which would not destroy the 
approximately plane-wave character of the advancing front of radiation 
in the initial stages of propagation. 

Now a generally smooth field between the Sun and the Earth may 
either be an over-all solar radial field such as suggested in Chap. 12, 
or it might be a much more local channellike field such as suggested by 
Cocconi, Gold, et al. 7 —a field whose lines almost return directly to the 
Sun and occupy only a small tonguelike region of space. Because of 
the rotation of the Earth, it is clear that any fields which have existed 
for appreciable periods of time tend to spiral because of the angular 
momentum imparted to the interplanetary gas by solar rotation. At 
present there is serious doubt that the radial field itself could store the 
particles, so they decay away with a period of order 1 hr over the 10- or 
15-hour increase of intensity in the manner observed. Another possi¬ 
bility is to assume that the storage is accomplished mainly by requiring 
that the solar particles, although readily moving outward from the Sun 
to at least 1 A.U., encounter at greater radial distances disordered 
magnetic fields which prevent their immediate free escape into the 
Galaxy. 1 The particles at these distances and beyond therefore undergo 
scattering and diffusion through disordered magnetic field regions before 
escape. The problem then becomes one of describing the parameters 
of this diffusion and deciding from a simple model whether the time 
constants are consistent with the observation. An idealized model 
based upon these thoughts has been worked out. 

It should be pointed out that there are two extreme ways of treating 
the motion of charged particles in magnetic fields. On the one hand, for 
fields that are sufficiently smooth and only slowly changing in direction 
and intensity with time, the particle trajectories can be considered as 
spiral motions either described point by point in detail, or if the particles 
have small Larmor radii, a guiding-center approximation may be invoked. 
If, however, the field varies rapidly in intensity from one point to another 
and there are interspersed regions of high field intensity and low field 
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intensity, and if, in addition, the scale size of the intense-field regions are 
not greatly different from the Larmor radii of the particles, we may 
describe the particle motion as a diffusionlike process in which the charged 
particles “collide” with the high-intensity-field regions and scatter, but 
propagate in approximately straight lines while in the low-field regions. 
We define this as the “diffusion” of charged particles through magnetic 
fields. Clearly, the coefficient of diffusion for high-energy particles is a 
function of particle energy and the diffusion coefficient 



where L(E) is the energy-dependent mean free path. 

As an example of the application of the diffusion concept, consider a 
simplified cross section of the inner solar system as shown in Fig. 7. For 
simplicity we make this heliocentric system entirely symmetrical and 
assume that either radial fields or negligibly small fields are dominant 
between the vicinity of the Sun and a distance >1 A.U. Beyond this 
region there is the question of the behavior of radial fields or, indeed, the 


SUN 



FIG. 7. This i.s a simplified theoretical model suitable for 
calculating the consequences of storage and escape by particle 
diffusion in magnetic fields. 
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fields carried by any cloudlike plasma. It seems likely that disordered 
magnetic fields develop: one mechanism for producing disordered fields 
has been discussed in Chap. 12 to account for the model proposed here. 
It can be shown that a value of B rnw ~ 10~ 5 gauss in the disordered region 
is sufficient to provide the right-order holdup for the particles within the 
inner region. The general idea, then, is that in the inner solar system 
the burst of radiation is stored; gradually the particles leak out of this 
region by diffusion through the disordered magnetic field barrier into the 
Galaxy. If J(E) represents the density of cosmic-ray particles with 
energies in the range E and E -T dE , then for this model J ( E ) varies 
according to the diffusion equation 

= K(E)V 2 J (E) 

oz 

The equation 

J(B) = (J)55 exp 

is a special solution of the above differential equation under the assump¬ 
tion that a burst of particle radiation occurs at t = 0 and at the origin, 
r = o, of an infinitely diffusing medium. For observations of changes in 
particle density near the source, that is, for small values of r (including 
the orbit of the Earth), then J(E) is approximately proportional to 1/f 2 
for all particle energies. The simple power-law expression, however, is 
overtaken by the onset of an exponential intensity decline at late times, 
arising from the escape of particles into the Galaxy at the outer boundary 
of the diffusing barrier. Taking into account the finite diffusing depth, 
noting that the diffusion coefficient increases with particle energy, and 
observing that the interior region is filled to maximum density at about 
0358 UT (beginning of isotropy for the radiation reaching the Earth), 
the incoming flux J(E,t ) has been fitted to the low-energy data from a 
station in the Northern and a station in the Southern Hemisphere for the 
flare of Feb. 23, 1956, as shown in Fig. 8. The data indicate that if the 
diffusing region exists in nature, it has a depth of approximately 5 A.U. 

This depth was derived from the elapsed time for the decay process to 
go over from a power-law dependence to an exponential decay (that is, 
conditions where the number of particles which escape is proportional 
to the number of particles present). To fulfill these requirements, B rmn in 
the diffusing region must be X 10“ 5 gauss beyond the orbit of the 
Earth. One of the remarkable features of the observed flare spectrum 
at late times is the constancy of the spectral shape with time. This is 
predicted for observations made inside an enclosed diffusing region. 
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FIG. 8. Comparison of calculated results of diffusion with 
experimental observations in both hemispheres for solar-flare 
particles. 


It is interesting to note that an earlier large flare producing solar cosmic 
rays on Nov. 19, 1949, also leads to the conclusion that interplanetary 
magnetic fields are required for storage but that the decay process was 
almost entirely exponential. This implies for the diffusion storage model 
that the magnetic field diffusion barrier between the Earth and the 
Galaxy was relatively “thin” at that time. The storage in radial or 
smooth magnetic fields does not lead to the prediction of exponential 
solutions for the escape of particles from the storage regions. 
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There are valid criticisms to be leveled against all the models suggested 
above. Also, the modulation of primary cosmic-ray flux of nonsolar 
origin and the recurrence of modulation effects, discussed in Chap. 14, 
as well as terrestrial effects such as the geomagnetic storm, place addi¬ 
tional conditions on theoretical models for plasmas and fields in space. 
Experiments to study directly the magnetic fields, plasmas, and ener¬ 
getic particles may determine the dominant structure of the interplane¬ 
tary magnetic fields.* The foregoing arguments may be summarized 
by the statement that the storage of solar-cosmic-ray particles can be 
accomplished by suitable interplanetary magnetic fields and that the 
cosmic-ray evidence is the strongest argument for these fields. Beyond 
this, our knowledge at present does not allow a decision as to which 
model is correct for the structure of the field. Presumably, a mixture 
of these possibilities represents the physical situation at any given time, 
and an identification of a dominant structural form may be difficult to 
achieve. 

One of the interesting observations first noted for the flare of February, 
1956, was the dispersion effect shown in Figs. 4 and 5. This effect does 
not occur in the geomagnetic field, t but rather is most likely a phenome¬ 
non associated with magnetic fields close to the solar source. The ex¬ 
planation may be that irregularities in the general solar magnetic field 
extending far out into the weak corona require that particles initially 
accelerated at or near the flare site undergo random walk through the 
coronal magnetic field region and escape into the weaker interplanetary 
field structure. If the irregularities in the magnetic fields near the Sun 
are of suitable scale size, then the particles of higher energy are able to 
escape more rapidly than particles of lower energy—with the result that 
an observer at Earth detecting the first arriving particles outside this 
diffusing region around the Sun would find high-energy particles to which 
are added at later times lower- and lower-energy particles in the beam. 
The parameters available at the present time for the description of the 
magnetic fields and the particle motions indicate that the diffusion times 
are of the right order of magnitude to account for the approximately 
10-min delay between the first arrival of 10-Bev protons and 1-Bev pro¬ 
tons in the flare of February, 1956, as shown in Fig. 5. This dispersion 
effect was also a characteristic of the Nov. 19, 1949, flare. Alternatively, 

* See note on page 246. 

t Recent direct measurements of solar-flare protons outside the storage region of 
the geomagnetic field show that the storage is not connected with the geomagnetic 
field; see, for example, the results from Pioneer V, C. Y. Fan, P. Meyer, and J. A. 
Simpson, J. Geophys. Res., 65, 1862 (1960), and R. L. Arnoldy, R. A. Hoffman, and 
J. R. Winckler, J. Geophys. Res., 65, 3004 (1960). 
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it may be that the dispersion effect arises almost at the flare site as a con¬ 
sequence of the relatively intense but disordered magnetic fields which fol¬ 
low the sudden release of energy through magnetic field instabilities. 

3. THE FLARE ENERGY AND ITS SOURCE 

Almost any of the models provides an estimate for the total kinetic 
energy imparted to the solar-flare cosmic-ray particles; for the flare of 
February, 1950, energy of the order of 10 30 ergs was carried away from 
the source by solar cosmic rays. It is difficult to reduce this energy 
estimate an order of magnitude by describing special models having 
smaller storage volumes since they generally open up other propagation 
channels by which particles may rapidly escape from the source to the 
Galaxy, thereby posing an increased power load upon the source. Vari¬ 
ous calculations suggest that the total energy of the flare was well in 
excess of 10 32 ergs, and it follows that less than 1 per cent of this energy 
was required for injecting relativistic particles. From the estimates of 
the visible flare volume, the average energy density available for the flare 
phenomena was greater than 2 X 10 :i ergs per cm 3 . Since the average 
thermal energy density of the corona and the chromosphere is many 
orders of magnitude below this, it seems clear that the energy required 
for the solar flare was stored at the site of the flare prior to the energy 
release. 

Considerable attention has been focused recently upon the magnetic 
fields which are known to exist in sunspot groups at the site of the flares 
between sunspot groups. It seems likely that the energy is stored at the 
flare site in magnetic fields which have received their energy from below 
the photosphere. Severny has recently provided observational evidence 
to indicate that these general lines of thinking are correct. 8 Since mag¬ 
netic fields are observed to be present in the flare site after the flare has 
ceased, one must assign sufficiently large magnetic field intensities so 
that only a portion of the preflare field need be destroyed to provide the 
energy for the flare effect. This implies that magnetic fields must attain 
values of approximately 400 to 1000 gauss, or more, so that the energy 
release represents a reasonably small fraction of the total magnetic 
energy. To store such large amounts of energy, there have been several 
suggestions for a field-free configuration in order that there be no appre¬ 
ciable pressure exerted by the magnetic field upon the chromospheric 
gases in which they are imbedded. It has been shown 0 that 

1 (J X B) = (V X B) X S = 0 

G 
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or that electric currents flow only along lines of magnetic force so that 
V X B = aB, a being a scalar function of space coordinates in a restricted 
volume. 

For the acceleration of charged particles to cosmic-ray energies in the 
Galaxy, Fermi 10 proposed a mechanism based upon charged-particle 
collisions with advancing magnetic inhomogeneities in interstellar space. 
This mechanism, reduced in scale size with inhomogeneities established 
by unstable magnetic fields at the solar-flare site, is extremely attractive 
as the basic mechanism for the acceleration of ions in the flare volume. 
Times for acceleration to relativistic energy appear to be approximately 
2 to 5 min, for this process. 11 The calculated-power-law spectrum for 
this mode of acceleration is not in disagreement with present experimental 
observations. Acceleration by the Fermi mechanism requires that the 
ions of all kinds of atoms present in the flare site also be accelerated. 
This prediction, along with the requirement that the particles in a Fermi 
mechanism are accelerated to approximately the same velocity (electrons 
would be accelerated to only ^840 of the proton energy), suggests several 
direct experiments which might be carried out in space away from the 
Earth to test this hypothesis. 

Because the magnetic fields in the region are intense, there have been 
suggestions that the only way that particles could escape from the solar 
region is to lose their charge temporarily through charge exchange. If 
this were so, only the decay products of neutrons and the neutrons them¬ 
selves should be observed at considerable distances from the Sun following 
solar flares and no appreciable numbers of alpha particles should be 
detected. 

4. NONRELATIVISTIC SOLAR PARTICLES ASSOCIATED WITH LARGE 

SOLAR FLARES 

In addition to the relatively rare, large-scale events leading to the 
generation of relativistic particles discussed in the preceding section, 
there is now proof that other giant solar flares produce intense bursts of 
particles more frequently that do not attain relativistic energies. The 
evidence for these events during the past two or three years has partially 
come about because of improved techniques and increase of the total 
amount of time available to observers at very high altitudes, since 
particles below relativistic energy do not penetrate deep in the atmosphere 
even through their secondary production and hence are not observable 
at fixed stations on the Earth. We earlier noted for the flare of Feb. 23, 
1956, that there was strong evidence for continuing the particle spectrum 
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below 2-Bv magnetic rigidity and that most of this evidence came from 
ionospheric effects. 4 Another technique lor observing the ionospheric 
effects due to ionization by energetic, but nonrelativistic charged particles, 
has been developed recently by Little, Lcinbach, and Reid based upon 
earlier ideas by Mi-tra and Shain. 0 The absorption of cosmic radio noise 
passing through the ionosphere at approximately 27 Me is observed, and 
the changes ol this absorption due to increases of ionization in the 50- to 
90-km level has been interpreted as the arrival of protons in the energy 
range 10 Mev and upward. This has been called Type III absorption— 
a polar-cap absorption—and has been observed over a wide range of 
longitudes in the polar regions. More than 30 of these events have 
been definitely identified within the last three years; and, within the 
last two years, the direct arrival of protons has been detected by high- 
altitude balloon observations.* 

The magnetic rigidity spectrum of these protons has already been 
measured on two occasions by Ney et al. and is shown in Fig. 9 in com¬ 
parison with the cosmic-ray spectrum. 12 

The data obtained from the onset time for cosmic-noise absorption 
alter the solar flares provide convincing evidence that the particles are 
of solar origin. From the published data 13 we have prepared a histo¬ 
gram in Fig. 10 showing the number of events versus time of transit to 
the Earth. The actual times are less than shown because of uncer¬ 
tainties in determining the onset of absorption at Earth. 

I rom the data obtained both by radio techniques and from direct 
particle detection, the sequence of events following the solar flare is as 
follows. The first high-energy particles (order 10 2 Mev) arrive within 
1 to 5 hr following the solar flare. On only a few occasions has the first 
arrival of high-energy radiation been delayed more than 4 or 5 hr. The 
flare producing the particles is generally accompanied by a strong, low- 
frequency solar-noise storm, f The particles are observed to arrive over 

* These protons have now been directly detected by instruments carried on space 
vehicles: (1) The presence of the radiation was first observed in the course of Explorer 
IV observations; see P. Rothwell and C. Mcllwain, Nature, 184, 138 (1959). (2) The 

first determination of a proton event and its time dependence, free from geomagnetic 
trapping fields, occurred Sept. 3, 1959, on Explorer VI; see C. Y. Fan, P. Meyer, and J. 
A. Simpson, in “Space Research,” p. 963 (North-Holland Publishing Co., Amsterdam, 
1960). (3) The first observations of a series of solar proton bursts were obtained on 

Pioneer V at distances greater than 5 X 10® km from Earth; see footnotes on pp. 246 
and 252. 


f See, for example, II. R. Thompson and A. Maxwell, Planet. Space Sci., 
(1960); J. F. Donisse, A. Boischot, and M. Pick-Gutmann, in “Space Research,” 
(North-Holland Publishing Co., Amsterdam, 1960); A. N. Charakhchian, 
Tulinov, and T. N. Charakhchian, in ibid., p. 649. 


2, 104 
p. G37 
V. F. 
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the entire polar cap and down to latitudes limited only by the prevailing 
geomagnetic cutoff. Particles continue to arrive for a period of many 
hours to several days following a solar flare. In a manner typical for 
large solar flares, a low-energy beam or plasma region independently 
reaches the Earth within about a day following the flare to produce a 
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FIG. 9. The spectrum 
of nonrclativistic protons 
from the Sun measured 
in photonucloar emul¬ 
sions by Ney ct al. 36 
R = pc/Ze magnetic ri¬ 
gidity in Bv. 
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FIG. 10. Using published data by Reid and Leinbach, 13 the 
upper limit for the transit time At of solar protons to the Earth 
have been determined. The location of the initiating flare on 
the solar disk is indicated. 


geomagnetic storm. The low-energy particles continue to arrive through¬ 
out the geomagnetic storm effect and, in addition, are observed at geo¬ 
magnetic latitudes which normally forbid their arrival. These low- 
energy particles, in the range of a few hundred million electric volts, 
arrive only at low, forbidden latitudes during the intense periods of 
geomagnetic storms. An outstanding feature of these low-energy 
bursts is the very high flux values attained on some occasions. (Since 
preparation of this chapter, there have been four very large solar flares 
leading to enormous bursts of low-energy particles. The maximum 
fluxes attained have been of the order of 10 4 to 10 B protons per cm 2 
per sec)*. 

Because of their prompt arrival at the Earth as shown in Fig. 10, it is 
certain that these particles are not initially released from the trapped 
Van Allen radiation belts, but rather come directly from regions of the 
Sun.f 

Their existence, along with the small relativistic-flarc-particle effect 
observed by Firor, and more recently observed by others using neutron 

* J. Winckler ct al., to be published; K. B. Fenton and J. A. Simpson, to be pub¬ 
lished; for a recent review see, for example, T. Obayashi and Y. Hakura, in “Space 
Research,” p. 065 (North-Holland Publishing Co., Amsterdam, 1960). 

t Sec also note f on page 252. 
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intensity monitors, indicates that all solar flares may produce particles, 
but that for most of the flares the particles are accelerated in a region 
below relativistic energies, and that from a position on the Earth, not 
all particle bursts can be detected. 

All the evidence taken together points to the fact that the Sun is a 
prolific generator of particles covering over a 10-decade range of energies. 
And it would be indeed surprising if a solar flare were the only mechanism 
by which particles are accelerated in the vicinity of the Sun. In Fig. 1 of 
Chap. 11 we note that there is a range of over 10 8 where very little is known 
about the nature of accelerated particles. The distinct possibility exists 
that the Sun on the average is almost a continuous generator of energetic 
particles. However, at present, these conclusions still leave the Sun as 
only a small contributor to the general cosmic radiation of the Galaxy, 
as we shall now see. 

5. SOLAR PARTICLES AND THE GALACTIC SPECTRUM 

The importance of cosmic-ray solar flares for the origin of the cosmic 
radiation can be estimated from presently available data. If we first 
ask the question, what does the Sun contribute to the cosmic radiation 
without requiring further acceleration, we may take the relativistic- 
flare-particle spectrum given in Fig. 6 and assume that such a flare occurs 
on the Sun once every 10 7 sec. The main contribution will be relativistic 
particles of approximately 1 to 2 Bev for protons. Now the emission 
of 2-Bev protons to be maintained by stellar sources in the Galaxy is 
5 X 10 33 particles per sec based upon the assumption that each star in 
the Galaxy contributes equally to the mean flux observed at the Earth. 
Thus the ratio of average stellar production to average solar production 
is (5 X 10 33 )/(3 X 10 24 ) = 10 9 . Estimates may be obtained from the 
point of view of energy. Estimates of the total cosmic-ray energy in the 
Galaxy give roughly 10 64 to 10 55 ergs, excluding possible storage of cosmic 
rays in the galactic halo. Taking into account the lifetime of the stored 
galactic cosmic rays, the energy input from all stellar sources is approxi¬ 
mately 10 44 ergs per sec, or 5 X 10 28 ergs per sec for an “average” star. 
On this basis, the solar output power is too small by a factor of 10°. 
Thus we see that the direct injection of relativistic particles by the Sun 
cannot be the “average” star process by which relativistic particles are 
contributed to the cosmic radiation. 

On the other hand, it might be argued that processes like solar flares on 
the Sun merely provide the injection for further acceleration in the Galaxy. 
As an injector, the solar-flare process contributes particles over a wide 
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range of nonrelatinstic energies, and here the flux may be sufficiently high 
to provide a significant contribution for future galactic acceleration. 
There is increasing observational evidence that other classes of stars 
undergo flarelike phenomena that may provide more adequate stellar 
injection. Qualitatively, therefore, the Sun is being studied through the 
solar-flare process as an illustration of a basic mechanism in nature for 
the injection of particles extending up to and into the relativistic energy 
range. 
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SOLAR MODULATION OF COSMIC RADIA¬ 
TION AND OTHER ENERGETIC PARTICLES 

REACHING THE EARTH 

i. A. Simpson 


1. THE EVIDENCE FOR MODULATION 


The changes of seeondary-cosmic-ray intensity as a function of time 
have been observed for over thirty years by detectors located deep in the 
atmosphere. 1 The radiations detected are the secondary particles gener¬ 
ated by nuclear collisions of the primary cosmic radiation in the atmos¬ 
phere of the Earth (Fig. 1). Only within the last decade has it been 
proved that the most important of these variations are a property of the 
primary beam of cosmic radiation arriving at the top of the atmosphere 
and not due, for example, to the atmospheric effects of the secondaries. 2 
Using the measurements of the nucleonic component (neutrons and 
protons) as an indicator of the primary-cosmic-ray intensity, the effective 
range of magnetic rigidities lias been greatly extended over which the 
geomagnetic field may be used as an analyzer of primary charged parti¬ 
cles. This reveals that the variations are energy- or magnetic-rigidity- 
dependent and that the energy spectrum of the primary radiations 
changes with time. By analysis of the changes of intensity, it could also 
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LOW ENERGY NUCLEONIC 
COMPONENT 
(DISINTEGRATION 
PRODUCT NEUTRONS 
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FIG. 1. The development of secondary components of the 
cosmic radiation in the atmosphere from primary-cosmic-ray 
particles. These secondaries are also generated in space 
vehicles. 


be shown, for example, that the variations in the geomagnetic field arising 
from the geomagnetic storms were not the origin of the major changes 
with time, but that intensity variations were characteristic of the primary 
cosmic radiation approaching the earth. 3 The major changes of intensity 
display close correlations with solar magnetic activity and, for some types 
of variations, with discrete solar events. Thus it has been shown that 
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the changes in the primary cosmic radiations have a solar origin. 3 The 
behavior of the variations with magnetic rigidity suggests that magnetic 
fields of solar origin are the seat of the mechanism for producing the 
observed variations with time. This process is called the modulation 
of primary-cosmic-ray intensity. 

The average cosmic-ray spectrum appears to consist mainly of particles 
of nonsolar origin, except possibly for the rarely observed nonrelativistic 
portion of the primary spectrum. Hence we have here the modulation 
of a particle flux from outside the solar system by electromagnetic proc¬ 
esses within the solar system. In addition to the convincing evidence of 
correlations with solar activity, the time scale of galactic phenomena is 
too long for the observed cosmic-ray phenomena to be of galactic origin. 

Following these developments, it has been shown recently that the 
different charged components in the primary spectrum —Z = 1 and 
Z — 2 particles, A/Z = 1 and A/Z = 2 particles—undergo changes in 
such a way as to suggest that they experience common modulation. 4 - 5 
Current research is now directed to the nature of the solar modulation 
mechanisms and to whether they have the scale size of the solar system 
or are operative in more restrictive regions such as near the Earth. Also, 
there is the question of how many basic mechanisms are required to 
account for the different kinds of variations. Clearly, an understanding 
of the solar modulation of energetic particles in the interplanetary medium 
and near the Earth is fundamental to our understanding of interplanetary 
magnetic fields and plasmas. 

Of astrophysical interest is the question: What is the true primary 
spectrum of cosmic radiation outside the solar system and at low energies? 
Hence the modulation also bears on problems of particle acceleration and 
the origin of cosmic rays. 

An observer at the Earth detects changes of primary and secondary 
cosmic radiations of many types. There are intensity variations of non¬ 
recurring and recurring types, variations extending from seconds to 
11-year periods, and variations in amplitude from barely detectible cos¬ 
mic-ray-'* noise'’ fluctuations to the 11-year variations where more than 
one-half the cosmic-ray flux disappears and the spectrum changes drasti¬ 
cally during the solar maximum, or where approximately one-third of 
the primary flux may disappear within a few hours as in the case of sharp 
decreases of cosmic-ray intensity. To emphasize the importance of the 
solar modulation process and its relation to questions of solar production 
of particles, and the connection of these phenomena to the interpretation 
of interplanetary Helds and plasmas, we shall consider here only two kinds 
of variations as examples. 
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FIG. 2. The inverse correlation between ionization-chamber 
intensity and solar activity by Forbush. 1 More recent results 
show that the relativistic-energy portion of the primary spec¬ 
trum changed by more than a factor 2 between solar minimum 
(1954) and solar maximum (1958) as indicated in Fig. 6. 


2. PRIMARY-COSMIC-RAY SPECTRAL CHANGES WITH THE SOLAR 

ACTIVITY CYCLE 

It was observed first by Forbush that there existed a 4 per cent varia¬ 
tion in cosmic-ray intensity for each of two solar cycles and that there 
was an anticorrelation between solar activity and cosmic-ray intensity 1 
(Fig. 2). We now know that the phenomenon is energy-dependent to 
the lowest energies and that the nucleonic component will display a change 
throughout the solar cycle of approximately five times the amplitude of 
the variation observed in the ion chambers. 6 ' 9 

Spectral changes in the primary radiation which occur between solar 
maximum and solar minimum from 1948 to 1954 can be understood if 
the primary spectrum is represented by the function 




y 
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where Ze is the charge of the particle, and p is its momentum. Then, 
for a primary spectrum where y = 2 in 1948, the change in y between 
1948 and 1954 was Vy = +0.7. Between 1954 and 1958, y changed from 
2.7 back to 2 as shown in Fig. 3. 10 The integrated flux from 1-Bv rigidity 
upward changed approximately 60 per cent between 1954 and 1958. 
High-altitude balloon flights demonstrate this convincingly. 9 - 11 Figure 
4 shows the integrated nucleonic-component intensity, 1954 to 1958. 9 
The changes measured in the secondary nucleonic component deep in the 
atmosphere were > 20 per cent at sea level for this period of the integrated 
spectrum. The changes occurred out to magnetic rigidities in excess 
of 50 Bv and in both the A/Z = 1 and A/Z = 2 classes of charged par¬ 
ticles as shown in Fig. 5. 4 A high degree of isotropy prevailed through- 


FIG. 3. The changes in 
the primary-cosmic-ray 
spectrum leasured by 
Meyer and Simpson, 1948 
to 1956, 10 arising from 
modulation of solar ori¬ 
gin. See Fig. 6 for an 
over-all view of spectral 
changes. By 1958 the 
slop*' had changed to 

y "I** hjj 
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FIG. 4. The change in the altitude dependence of the secondary 
nucleonic component, 9 as a result of the spectral changes in 
Fig. 3, between minimum solar activity (April, 105-1) and 
near-maximum solar activity (1958). 


out the changes over the years in the relativistic-particle range, suggesting 
that it was modulation, and not solar production. 

Consider the alternative, namely, that in 1954 there was solar produc¬ 
tion added to a low-intensity galactic flux to yield a high observed inten¬ 
sity and that in 1958 the solar contribution disappeared because of solar 
activity, leaving only the galactic intensity. If this were so, an outstand¬ 
ing directional effect at high energies would be observed during the year 
of solar minimum: none was observed. 

The spectral changes described above are different from other intensity 
variations to be discussed later, such as the sharp decreases which occur 
in the order of hours. The changes which contribute to the over-all 
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11-year intensity variations occur irregularly in time but generally at 
times of greatest solar activity. It can be shown that the 11-year varia¬ 
tion is not only the sum of a large number of short-term variations at the 
Earth. However, there is evidence that the short-term variations are 
related to the long-range behavior of the 11-year variations. 


The above remarks have been directed to the relativistic particles in 
the spectrum, i.e., for example, down to proton energies '~1 Bev. At 
lower energies there are even greater changes in spectrum throughout the 
solar cycles. 

hirst, the so-called particle-energy cutoff, which had in early years been 
assumed to be invariant in time, was shown to change after the year 1948 



FIG. 5. The spectral changes of the primary-proton and alpha- 
particle components measured by McDonald. 4 Here the 
particle magnetic rigidity R = pc/Ze in 10 9 volts. 
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FIG. 6. The changes in the cosmic-radiation spectrum between 
solar minimum and solar maximum is not drawn to scale. The 
behavior of the spectrum over the dashed portions of the curve 
is still relatively uncertain. The range of energies shown here 
is 0-50 X 10 9 ev. 

and completely disappeared by 1954. 10 - n This was not due to world¬ 
wide changes of the geomagnetic field. In 1954 particles of energy less 
than 150 Mev for protons were arriving at high polar latitudes. 11 

Second, following the solar minimum in 1954, the onset of first solar 
activity at the Sun had a strong effect on the nonrelativistic-particle 
spectrum, with most of the particles disappearing very rapidly but leaving 
the spectrum above 2 to 3 Bev essentially undisturbed until increased 
solar activity was under way. Although the nonrelativistic particles 
were sharply reduced in number, they apparently did not entirely dis¬ 
appear, and in fact even at solar maximum nonrelativistic particles 
continue to arrive. 12 However, the differential spectrum developed a 
peak near 1 Bev for protons at solar maximum, this peak being associated 
with the spectrum at the time when 7 « 2. 

Figure 6 is a sketch (not to scale) of these composite changes in the 
spectrum which occur between the minimum of solar activity (such as 
1954) and the maximum of solar activity (such as 1958). 

We defer the question of physical interpretation of the 11-year changes 
of primary-cosmic-ray intensity until we also consider another funda¬ 
mental effect: the sharp decreases of cosmic-ray intensity also associated 
with special solar-activity events on the Sun. 

3. THE FORBUSH INTENSITY DECREASE 

The ionization-chamber data analyzed by Forbush displayed sharp 
decreases of intensity, following by approximately 1 day certain large- 
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scale solar flares. 1 The decreases were approximately 1 to 5 per cent in 
amplitude. A typical event is shown in Fig. 7 for a neutron intensity 
monitor of the nucleonic component. The overall effect is world-wide, 
with small variant features dependent upon local time. At first it was 
thought that an external ring current, generating a variable component 
in a geomagnetic field, was responsible for the observed changes at the 
surface of the Earth, but experiments have now shown that no axially 
symmetric ring current could account for these sharp decreases and that 
their origin must be more directly connected with modulation by solar 
activity. 3 

A unique feature of this effect is the decrease in the primary beam that 
may occur at rates up to 3 per cent or higher per hour and produce 
decreases of intensity integrated over the relativistic spectrum of more 
than 30 per cent. The recovery of the cosmic-ray intensity has a “half- 
life” of order 1 to 2 days, but on some occasions much longer. The 
spectral changes extend out beyond «50 By rigidity and are much less 
dependent upon particle rigidity than for the spectral changes in the 
11-year intensity variation described above. 6-9 This has been shown in 



HOURS, UNIVERSAL TIME 

FIG. 7. A rapid decrease of secondary-nucleonic-component 
intensity arising from a change in primary-cosmic-ray intensity 
of more than 30 per cent in the interplanetary medium near the 
Earth. We call this a Forbush decrease. 
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several ways. For very large events, the energy dependence of the varia¬ 
tion may be so small as to suggest that the predecrease spectrum is multi¬ 
plied by an almost non-energy-dependent factor to yield the spectrum 
at the time of decreased intensity. The energy dependence appears to 
change throughout the developments of the solar cycle, but always it is 
less than the 11-year cycle. A search for a large shift in the position of 
the maximum in the differential spectrum (near the times of solar maxi¬ 
mum) with the onset of a sharp decrease shows that shifts are negligible. 
This is consistent with the modulation mechanism being nearly as effec¬ 
tive at high as at low magnetic rigidities. (There exist, however, a few 
events, such as the Feb. 11, 1958, event, which appear to be more energy- 
dependent at low energies than the sharp Forbush decreases and are 
treated as a separate group of events; they are not discussed here since 
they show a shift of the differential spectrum maximum.*) 

The high correlation with solar outbursts and the 24- to 40-hour transit- 
time before the effects are observed at the Earth suggest that the sharp 
intensity decrease is a phenomenon characteristically related to the vicin¬ 
ity of the Earth or at least to a restricted volume around the Sun-Earth 
line, rather than a heliocentric effect. Geomagnetic storms are loosely 
correlated to these sharp decreases of intensity, and an extensive investi¬ 
gation is under way to understand the relationship of the origin of the 
geomagnetic storm to these sharp decreases of cosmic-ray intensity and 
to the Type III cosmic-noise-absorption events discussed in Chap. 13. 
It is not always true, however, that geomagnetic storms are connected 
with sharp decreases of cosmic-ray intensity. The mechanism producing 
the changes of intensity acts upon both protons and alpha particles, and 
hence probably upon the heavier nuclei also. 

With these two types of intensity variations in mind, we direct our 
attention to the question: What physical process underlies the modulation 
mechanism or mechanisms? We do not here go into detail on all the 
various hypotheses which are currently being considered, but only outline 
the main features to illustrate the character of experiments being under¬ 
taken to resolve these problems. 

4. MODELS AND EXPERIMENTS TO EXPLAIN THE SPECTRAL CHANGES 

OF SOLAR ORIGIN 

In the above discussion we have considered two of the major spectral 
changes that occur in the primary cosmic radiation. There are also 


* J. A. Simpson, unpublished. 
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recurring 27-day variations of approximately 5 per cent amplitude at 
sea level, 24-hr variations that recur, and in addition the several irregular 
variations that are related to minor solar events. They are all important 
for a complete understanding of the phenomena taking place in space. 
However, the 11-year intensity variation accompanied by low-energy 
changes and the sharp Forbush decrease are so outstanding that they 
have priority in attempting a first-order explanation for solar modulation. 

We first note that the Forbush decrease is a temporary depletion of 
particles from the average spectrum and that the 11-year-cycle intensity 
changes probably represent a depletion of particles at maximum solar 
activity, according to our previous discussion. Therefore we interpret 
the relativistic spectrum of the cosmic radiation (and possibly part or all 
of the nonrelativistic part of the spectrum) at solar minimum as repre¬ 
senting the nonsolar spectrum of radiation as we would find it outside 
the solar system. At solar maximum, therefore, we observe the resultant 
spectrum of particles at the Earth as a consequence of the propagation 
through magnetic fields of solar origin and therefore as a solar modulation 
of the galactic beam. 

If so, then what kinds of mechanisms could change temporarily the 
intensity and spectral distribution of particles from the Galaxy? This 
question has been under discussion for over a decade, and experiments 
have led successively to improved ideas. First guesses, invoking a 
moving ion beam carrying within it a “frozen-in” magnetic field as 
suggested by Alfv^n and more recently advocated by Dorman, 13 to 
account for the small 24-hr variations, do not account for the large- 
scale effects discussed here. Following original ideas by Fermi 14 for the 
galactic acceleration of particles and magnetohydrodynamic concepts 
extending from ideas of All veil and others, Morrison 15 and Parker 16 
during the past few years have proposed models based on the evidence 
derived from experiments on the magnetic-rigidity dependence of the 
modulation effects. Disordered magnetic fields carried into space by 
plasma may intervene between the radiation arriving from the far side 
of the solar system and the position of measurement at the Earth. The 
radiation arriving from the far side of irregular magnetic fields must 
diffuse through the advancing field region. (See Chap. 13 for a discussion 
of particle diffusion in magnetic fields.) 

It can be shown that if an expanding region is initially free of cosmic 
radiation, the cosmic radiation will require time to diffuse through the 
magnetic-field region before the intensity inside the region will rise to the 
intensity outside the magnetic-field region. If the Earth is temporarily 
inside such a region, then there are times when the observed intensity may 
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be expected to be less than the intensity outside the region of the surround¬ 
ing magnetic fields. The magnitude of the depression and the magnetic- 
rigidity dependence of the variation determines the rms value of the mag¬ 
netic-field region. This fact places severe conditions on such a model 
for the sharp Forbush decreases where B rma > 10“ 2 to 10“ 3 gauss. Parker 
has tried to place disordered fields around the Earth so that particles 
inside could be so rapidly removed by the solid Earth that the intensity 
inside would remain depressed when diffusion took place. 16 This model 
suffers from several difficulties, especially for the 11-year cycle. It is 
more attractive for the Forbush decrease since B rms may be the order of 
10~ 4 to 10~ 5 gauss and sufficient for even large effects, but even for this 
effect it requires a larger magnetic-rigidity dependence than is observed 
for the large, sharp decreases. 

New experimental data on differences in the spectrum of the 11-year 
and the sharp Forbush decreases, along with information on the effect 
of these phenomena upon A/Z = 2 particles, 9 suggest a heliocentric 
origin for the modulation of 11-year changes. This evidence, along with 
the results from the flare of February, 1956, for the storage and escape of 
solar-flare particles, discussed in Chap. 13, begins to suggest the existence 
of a large-scale interplanetary magnetic field of roughly heliocentric 
origin and is consistent with radial fields inside the orbit of Earth. 

For the sharp Forbush decreases, the remarkable insensitivity of the 
large events to particle magnetic rigidity suggests the existence of very 
intense magnetic-field regions. This evidence, along with the recent 
observations of the nonrelativistic solar protons connected with large 
solar flares, Type III cosmic-noise absorption, and sudden-commence¬ 
ment geomagnetic storms, has suggested revisions of the magnetic-field 
modulation for X orbush decreases, but we do not consider the theoretical 
models here. 

Experimental evidence, in any case, shows that the sharp Forbush 
decrease is local to the extent that it is intimately related with the Sun- 
Earth system: a depression of intensity throughout the solar system does 
not occur. Over how large a volume is the total cosmic-ray intensity 
depressed for each event? This is under investigation, using space- 
probe experiments where particle detectors are placed at large distances 
from the Earth. A comparison with the intensity changes in neutron 
monitors at the Earth should be conclusive in setting lower limits for 
volumes of depressed intensity, and hence for limitations on the theory of 
the Forbush decrease. 

Recently, direct experiments using the space vehicles Explorer VI 
and Pioneer V (which measured inward to the sun ~0.1 A.U. from the 
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Earth) have been carried out. These experiments prove that (1) the 
rapid (Forbush) decrease of cosmic-ray intensity is not a geocentric 
phenomenon; (2) there is strong evidence for a bulk motion outward 
from the Sun of conducting plasma ejected in association with a solar 
flare which either carries magnetic fields within itself or manipulates an 
interplanetary magnetic field to remove convectively some galactic cosmic 
radiation from a limited volume of the inner solar system. 17,18 

These same experiments prove for the 11-year changes that (1) any 
solar mechanism changing the cosmic-ray intensity over 11 years is 
centered about the Sun; (2) the scale size for the volume in space, in which 
the cosmic-ray intensity is reduced in I960, is greater than 1 A.U.; and 
(3) the radial gradient of cosmic-ray intensity near the orbit of Earth is 
so small as to suggest (since the difference in flux level between interstellar 
space and the inner solar system is greater than a factor 2) that modula¬ 
tion of galactic intensity in 1960 occurs at distances greater than the orbit 
of Earth. 19 

5. THE LOW-ENERGY PARTICLES—CONFINEMENT TO LINES OF FORCE 

IN INTERPLANETARY FIELDS 

Since the relativistic particles undergo large-scale changes in spectral 
distribution and intensity due to interplanetary magnetic fields of solar 
origin, clearly the nonrelativistic, very low energy particles generated at 
the Sun must be strongly constrained to the motions of the existing mag¬ 
netic lines of force. The recent evidence mentioned in Chap. 13, Sec. 4, 
on the solar production of nonrelativistic particles and the likely presence of 
a vast range and intensity distribution of very low energy particles from 
the Sun at all times not so far detected (as indicated by Fig. 1 of Chap. 11) 
suggests that they may be accessible to the Earth from time to time as 
the Earth moves in and out of such field regions connecting with the Sun 
and carrying these low-energy particles. At the orbit of the Earth, the 
motions and transport of these magnetic fields are determined by the 
prevailing interplanetary, tenuous plasma motions. Hence a search 
outside the geomagnetic field of the Earth as a function of time for the 
very low energy charged particles, their charge, and their energy distribu¬ 
tions is important for understanding not only the modulation and pro¬ 
duction of more energetic particles by solar processes, but also the elec¬ 
tromagnetic conditions of interplanetary space. For example, even in 
the energy range of <0.1 to 1 Bv rigidity, we now know of remarkably 
large changes in the particle spectrum, arising from modulation and pro¬ 
duction, i.e., the so-called change in the low-energy cutoff of the primary- 
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cosmic-ray spectrum referred to earlier. How closely related are the 
changes in this low-energy maximum in the primary-particle distribution 
to the 11-year intensity variations observed throughout the relativistic 
range? To what extent do the changing electromagnetic conditions in 
the nearby planetary medium influence the population of trapped par¬ 
ticle radiation in the geomagnetic field? The answers to questions of this 
kind will contribute to knowledge of the magnetic-field structure produc¬ 
ing modulation of the low- and intermediate-energy particles. 

The cosmic-ray neutron-intensity monitor and charged-particle 
detector networks have contributed to an understanding of the energy 
dependence of the primary relativistic particle; the high-altitude balloon 
measurements made at various geomagnetic latitudes have extended the 
energy range of these studies down to ^0.1-Bev energy; beyond this, 
however, as indicated by the blank area in Fig. 1 of Chap. 11, particle 
spectra at lower energies and plasma densities and flow directions must 
await detailed studies using detectors on satellites and space probes. 
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THE GEOMAGNETICALLY TRAPPED 
CORPUSCULAR RADIATION 

James A . Van Allen 


1. INTRODUCTION 


One of the most interesting geophysical discoveries of recent years 
was that made with the early U.S. IGY satellites Explorer I (Satellite 
1958 Alpha) and Explorer III (Satellite 1958 Gamma). It was found 1,2 
that an immense region around the Earth is occupied by a very high 
intensity of charged particles (protons and electrons), temporarily 
“trapped” in the geomagnetic field. Detailed study of this radiation 
has been a major endeavor of the past year and a half by a group at the 
State University of Iowa in the United States and by Soviet IGY work¬ 
ers. Important additional information at relatively low altitudes has 
been obtained by brief rocket flights by other workers. Although knowl¬ 
edge of the trapped radiation is still incomplete, very substantial prog¬ 
ress has been made in observing and interpreting this new phenomenon. 3-13 
The reader is referred to Refs. 3,4, and 10 for the most complete accounts 
presently available in print. 

Understanding of the dynamics of the trapping of charged particles in 
the geomagnetic field has also been considerably advanced by the Argus 
experiments of August-September, 1958. These experiments comprised 
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the artificial injection of beta-decay electrons from the fission fragments 
of high-altitude detonations of small-yield atomic devices and the sub¬ 
sequent observation by Explorer IY (Satellite 1958 Epsilon), by sounding 
rockets, and by other techniques of the geophysical effects produced. 14 

Figure 1 gives an over-all view of the intensity structure of the two 
principal radiation zones (or belts) around the Earth as derived from our 
Geiger-tube observations 3,4 with Explorer IV and with Pioneer III. 
Generally confirmatory results have been obtained by the Soviets with 
radiation instrumentation on Sputnik III and Mechta. 9,1013 An immense 
amount of more detailed information at the lower altitudes is available 



FIG. 1 . Intensity structure of the trapped radiation around the 
Earth. The diagram is a geomagnetic meridian section of a 
three-dimensional figure of revolution around the geomagnetic 
axis. Contours of constant intensity are labeled with numbers 
10, 100, 1000, and 10,000. These numbers are the true counting 
rates of an Anton type 302 Geiger tube carried by Explorer IV 
and Pioneer III. The linear scale of the diagram is relative to 
the radius of the Earth—0371 km. The outbound and inbound 
legs of the trajectory of Pioneer III are shown by the slanting, 
undulating lines. The intensity structure is, of course, a 
function of detector characteristics. See text. 
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FIG. 2. A comparative plot of the radiation, intensities as 
measured with nearly identical Anton 302 Geiger tubes in 
Pioneer III and Pioneer IV. The trajectories were not iden¬ 
tical, the most important difference being that Pioneer IV cut 
through the inner zone several degrees closer to the equator, at a 
radial distance of about 10,000 km. 

in the full gamut of Explorer IV observations with a variety of detectors. 3 
These observations are still under intensive study. 

The most recent data 16 from Pioneer IV on Mar. 3 to 6, 1959, again 
confirm the general structure of the region of trapped radiation but show 
a very great enhancement of intensity and a considerable extension of the 
outer zone—following the great M-region event on the Sun on Feb. 25, 
1959 (Fig. 2). In addition, these data provide information on the absorp¬ 
tivity of the radiation in both inner and outer zones and give a new deter¬ 
mination of the cosmic-ray intensity in interplanetary space. 
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2. NATURE OF THE TRAPPED RADIATION 

On the basis of the extremely rapid increase of intensity with altitude 
above some 1000 km, it was immediately evident 1 that the newly dis¬ 
covered radiation must consist of charged particles constrained by the 
Earth’s magnetic field since the additional atmospheric absorption 
between altitudes of, say, 1000 and 2000 km was several orders of magni¬ 
tude less than the wall thickness of the detectors used in 1958 Alpha and 
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1958 Gamma. There is now a wealth of evidence supporting this con¬ 
clusion in full detail, and we regard it as established beyond all reasonable 
doubt, that the observed radiation consists of charged particles trapped 
in the Earth’s magnetic field in the manner visualized by Poincare, Stoer- 
mer, and Alfven in classical theoretical studies. 

The nature of the particles and their detailed energy spectra are much 
more difficult to establish conclusively. We originally reasoned as fol¬ 
lows: On the grounds of their universality in nature it is reasonable to 
suppose that electrons are present. And among the many nuclear possi¬ 
bilities, protons are likely dominant because of the preponderance of 
hydrogen as an atomic constituent of matter. The simplest working 
hypothesis, then, is that the trapped radiation consists of electrons and 
protons. If this be granted, then the problem becomes one of measuring 
the absolute differential energy spectrum of each of the two components as 
a function of position in space and direction and as a function of time. 

It is immediately evident from the extensive Explorer IV observations 3 
that there is no simple, universal answer to the above problem. The 
intensity of the radiation and its composition are strong functions of 
position in space, of direction, and of time. A thoroughly satisfactory 
study of the problem must await more elaborate experimental 
observations. 

Meanwhile, the presently available observations (obtained with rela¬ 
tively rudimentary equipment, by laboratory standards) have served to 
provide a good reconnaissance of the nature of the trapped radiation. 
Indeed, it is the writer’s opinion that the present state of knowledge is 
such that the full determination of the nature of the radiation, when 
finally available, will be quite interesting and valuable but probably not 
markedly different than that sketched below: 

1 . The observations with the diversity of detectors carried by Explorer 
IV, Sputnik III, Pioneer IV, and Meehta demonstrate conclusively that 
the nature of the radiation (i.e., its composition and the energy spectra 
of its components) in the inner zone is quite different from that, in the 
outer zone—more different, that is, than the nature of the radiation in 
different positions within either one of the two zones considered separately. 

2 . The integral range spectrum of the radiation in the inner zone falls 
by about two orders of magnitude from 1 mg per cm 2 to about 140 mg 
per cm 2 , then trails out more gradually toward greater stopping powers. 
Of the radiation which penetrates 140 mg per cm 2 , a fraction of 1 per cent 
also penetrates several grams per square centimeter. On the basis of 
crude range and specific ionization measurements in Explorer IV, the 
latter, more penetrating component is tentatively identified as consisting 
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of protons having energies of the order of magnitude of 100 Mev. The 
less penetrating radiation has a low specific ionization, and hence quite 
likely consists of electrons having energies up to about 1 Mev and having 
a spectrum rising strongly (though not as rapidly as that of the auroral 
soft radiation) toward lower energies. Energy fluxes as high as 100 
ergs per cm 2 sec s to radian have been found beneath an absorber 1 mg 
per cm 2 in thickness at altitudes of 2000 km near the geomagnetic equator. 
As measured within a thin (0.92 g per cm 2 ) CsI(T 1 ) crystal , 3 over 0.95 
of the energy flux is in the less penetrating, electronic component. 

3. The outer zone has a quite different nature. All evidence is consist¬ 
ent with an exclusive electron content, in so far as the characteristics of 
detectors used thus far permit observations (smallest value of absorber 
used: 1 mg per cm 2 ). The energy spectrum apparently resembles that of 
the auroral soft radiation, rising sharply toward low energies from a 
practical upper limit of about 100 kev. The omnidirectional flux of 
electrons of energy greater than 20 kev is of the order of 10 11 particles 
per cm 2 sec in the heart of the outer zone, on the basis of the simplest 
(though not conclusively the only possible) interpretation . 1015 

4. The inner zone is relatively stable as a function of time during the 
period of available observations. 

5. There are marked temporal fluctuations in the “slot” between the 
two zones and ones of very great magnitude in both intensity and spatial 
structure in the outer zone. These fluctuations are apparently associated 


with solar activity . 15 

6 . Several recent rocket experiments into the lower fringe of the inner 
zone are of considerable interest . 16 ” 18 

Holly and Johnson, using a simple magnetic spectrometer, find at 1000 
km altitude over the central Atlantic Ocean that particles having a range 
greater than that of 1 (50 kev electrons are predominantly electrons, with 
possibly 3 to 7 per cent protons being present. Of the electrons in the 
energy range 30 kev to 4 Mev, 99 per cent have energy less than GOO kev. 
Frcden and White have flown a package of heavily shielded (6 g per cm 2 ) 
photographic emulsion to a maximum altitude of 1230 km (also on the 
southeasterly missile range from Cape Canaveral, Florida). By a 
standard range-and-specific-ionization measuring technique, they find 
only protons under the specified absorber. The spectrum in the range of 
energy 75 to 700 Mev is well represented by E~ UH . The results summa¬ 
rized in this paragraph are consistent with the earlier observations with 
Explorer IV and are considerably more decisive in respect to particle 
identification. Absolute values of intensity and the spatial dependence 
of intensity are best provided by Explorer IV data. As remarked earlier, 
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the relative composition of the radiation is a function of position. For 
example, the radiation in the upper portion of the inner zone is consider¬ 
ably softer than that in the lower portion, and the radiation in the outer 
zone is almost completely absorbed by 4 g per cm 2 of lead. 

3. ORIGIN OF THE TRAPPED RADIATION 

In view of the extensive body of knowledge concerning “solar-terres¬ 
trial” relationships 19 ’ 20 and the earlier discovery of the auroral soft 
radiation, 21 ’ 22 we originally suggested 1 that the trapped corpuscular 
radiation consisted of ionized solar gas which had been injected into the 
geomagnetic field, with perhaps acceleration to the observed energies a 
local phenomenon in the geomagnetic field. 

Subsequently, various workers have proposed that the trapped radia¬ 
tion may arise, at least in part, from other processes. Neher 23 suggested 
that a penetrating component may arise from the delayed radioactive 
decay of yu-mesons emerging from the Earth’s atmosphere as part of the 
cosmic-ray “albedo.” Christofilos, 24 Vernov, 9 Kellogg, 11 and Singer 7 ’ 8 
have drawn attention to the neutron component of the cosmic-ray albedo 
as a possible source, and the last-named author has emphasized the 
potentiality of such neutrons of high energy for generating the penetrating 
component in the inner zone. These suggestions depend upon the ability 
of neutrons from cosmic-ray-induced nuclear disintegrations in the atmos¬ 
phere to move outward through the geomagnetic field without deflection 
until they undergo radioactive decay. The decay products of a neutron 
(half-life at rest 11.7 min) are an electron, a proton, and a neutrino. The 
kinetic energy of the proton is comparable to that of its parent neutron, 
the electron has a well-known beta-decay spectrum (upper limit 782 
kev for a neutron at rest), and the neutrino does not contribute to the 
observed geophysical phenomena. 

The observed spectrum and composition of the radiation in the inner 
zone resemble those expected on the neutron-decay hypothesis of origin, 
the major component being electrons having an energy spectrum resem¬ 
bling that of neutron-decay electrons and the minor (but penetrating) 
component being protons of energy of the order of 100 Mev. (See Ref. 3 
for further discussion.) Many quantitative considerations (source 
strength, trapped lifetimes, equilibrium spectra, etc.) remain to be exam¬ 
ined before the neutron-decay origin of the inner zone can be regarded as 
established. Present knowledge favors it, though the source strength 25 
of the mechanism may be inadequate; and it may be that the inner zone 
contains an important admixture of particles which have been “con- 
vected” inward from the outer zone. 26 
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T. here is very little doubt that the great outer zone and the rich variety 
of associated geophysical effects (aurorae, airglow, atmospheric heating, 
geomagnetic storms, etc.) are directly attributable to solar gas, injected 
into (tempoi ai ily) tiapped orbits in the geomagnetic field. The site 
and mechanism of the acceleration of the particles therein to the observed 
energies constitute major, unsettled problems. The two immediately 
evident possibilities are (1) acceleration within the Sun by betatron or 
other mechanisms and “piping” to the Earth’s vicinity along extended 
magnetic lines of force, and (2) arrival in a cloud of solar gas as low- 
energy particles (~10 4 ev), intrusion into the Earth’s field, trapping, and 
subsequent acceleration by magnetohydrodynamic waves or by other 
processes in the local environment ol the Earth. Radiation monitoring 
in interplanetary space for an extended period of time is the straight¬ 
forward method for substantiating or eliminating possibility 1 and thereby 
making local acceleration either necessary or unnecessary. But of 
course the true situation may be a complex of possibilities 1 and 2. 


4. TIME VARIATIONS 


On Dec. 6 and 7, 1958 (Pioneer III) and on Jan. 2, 1959 (Mechta), the 
outer zone was apparently similar. But on Mar. 3, 1959 (Pioneer IV), 
the maximum intensity was much greater and the zone extended out some 
15,000 km farther. This huge difference is the most prominent temporal 
fluctuation thus far observed. Indeed it provides the most striking 
evidence for the solar origin of, at least, the outer zone. 


At the lower altitudes of the observations with Explorers I, III, and 
IV a wealth of observational material is available for study of temporal 
fluctuations. The inner zone is relatively stable, but intensities in the 
“slot” between the two zones and in the lower “horns” of the outer zone 


are subject to considerable fluctuations in a manner which tends to 


establish their connection with other geophysical phenomena. 


5. GEOPHYSICAL ROLE OF THE TRAPPED RADIATION 

I he writer has suggested that the trapped radiation plays an essential 
role as an intermediate reservoir of charged particles between the Sun 
as a source and the Earth’s atmosphere as a sink (aurorae, airglow, and 
atmospheric heating). In addition, the trapped radiation may be the 
seat of the electric current (“ring current”) long supposed 19 to be re¬ 
sponsible for the main phase of geomagnetic storms. 

On the basis of energetic considerations, of the geometric form of the 
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zones of trapped particles, of the estimated leakage rates, of the particle 
intensities, and of general considerations of plasma physics, these views 
appear plausible. But much more detailed observational and theoretical 
study will be required before each of the many phenomena can be con¬ 
clusively examined. 

6. SOME SAMPLE TENTATIVE INTENSITIES 

In the heart of the inner zone at altitude about 3600 km on the geo¬ 
magnetic equator: 

1. Electrons of energy greater than 20 kev, maximum unidirectional 
intensity «2 X 10 9 per cm 2 sec steradian 

2. Electrons of energy greater than 600 kev, maximum unidirectional 
intensity «1 X 10 7 per cm 2 sec steradian 

3. Protons of energy greater than 40 Mev, omnidirectional intensity 
«2 X 10 4 per cm 2 sec 

In the heart of the outer zone at altitude of about 16,000 km on the geo¬ 
magnetic equator (on a day of high intensity): 

1 . Electrons of energy greater than 20 kev, omnidirectional intensity 
«1 X 10 11 per cm 2 sec 

2 . Electrons of energy greater than 200 kev, omnidirectional intensity 
is less than 1 X 10 8 per cm 2 sec 

3. Protons of energy greater than 60 Mev, omnidirectional intensity 
is less than 10 2 per cm 2 sec 

4 . Protons of energy less than 30 Mev, no significant information 

7. TRAPPED CORPUSCULAR RADIATION AROUND THE MOON AND 

AROUND OTHER PLANETS 

The trapping of charged particles in the vicinity of astronomical bodies 
is doubtless a quite general astrophysieal phenomenon. Indeed, it has 
already been proposed as a mechanism essential to the dynamics of the 
solar corona. 27 More immediate observational interest perhaps attaches 
to the possibility of trapped, corpuscular radiation around our Moon 
and around other planets (e.g., Mars and Venus). 

The emergence of cosmic-ray-produced neutrons from the atmosphere 
or solid surface of astronomical bodies is probably a universal phenomenon 
(at least within our Galaxy). 

Also, all the bodies of the solar system are subjected to the impact of 
plasma from the Sun with greater or lesser intensity in accordance with 
their distances from the Sun. Hence both of the (presumably most 
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important) sources of trapped radiation are present throughout the solar 
system. 

The principal parameters which enter into a general quantitative dis¬ 
cussion of trapping are the magnetic moment of the body, the radius of 
the body, and the density and radial extent of its atmosphere. 

The mechanism of trapping is now sufficiently well understood so that 
a reasonably confident assessment can be made for any known set of the 
above parameters. Generally speaking, the greater the magnetic 
moment and the less extended the atmosphere, the more favorable are 
the conditions for a high intensity of trapped radiation. There remains 
the obscurity of the mechanism for local acceleration of charged particles 
(if indeed such is necessary) which might be peculiarly favored around 
the Earth (though this seems unlikely). 

Consideration of present knowledge makes it appear likely that the 
Moon is surrounded by little or no trapped radiation, in view of its prob¬ 
ably small magnetic moment. The closest observations to the Moon 
(about 61,000 km) with Pioneer IV showed no discernible radiation belt, 
but because of the large miss distance, this result must be regarded as 
inconclusive. 

Mars and Venus, for example, may well have substantial radiation 
belts. 

The observational undertaking for settling these matters is one of the 
most enthralling of contemporary space science.* 

* Note by author Oct. 19, I960: The above account was prepared in June, 1959, 
and remains substantially correct.. The reader is referred to the special comprehensive 
bibliography following the regular reference section at the end of the chapter for a 
more complete knowledge of pertinent work. 


REFERENCES 

1. J. A. Van Allen: Paper presented at joint meeting of National Academy of Sciences 

and American Physical Society on May 1, 1958. 

2. J. A. Van Allen, G. H. Ludwig, E. C. Ray, and C. E. Mcllwain: “Observation of 

High Intensity Radiation by Satellites 1958 Alpha and Gamma,” Jet Propul¬ 
sion, US, 588-592 (1958). 

3. J. A. Van Allen, C. E. Mcllwain, and G. H. Ludwig: “Radiation Observations 

with Satellite 1958 Epsilon,” /. Gcophys. Research, 64, 271-286 (1959). 

4. J. A. Van Allen and L. A. Frank: “Radiation around the Earth to a Radial Dis¬ 

tance of 107,400 Kilometers,” Nature, 188, 430-434 (1959). 

5. P. J. Coleman, Jr., O. P. Sonett, and A. Rosen: “Ionizing Radiation at Altitudes 

of 3500 to 36,000 Km.: Pioneer I,” Hull. Am. Phys. Soc., Her. IT, 4, No. 4, 223 
(1959). 



284 


FIELDS AND PARTICLES IN SPACE 


6. A. Rosen, C. P. Sonett, and P. J. Coleman, Jr.: “Ionizing Radiation Detected by 

Pioneer II,” Bull. Am. Phys. Soc., Ser II, 4, No. 4, 223 (1959). 

7. S. F. Singer: “‘Radiation Belt’ and Trapped Cosmic Ray Albedo,” Phys. Rev. 

Letters, 1, 171-173 (1958). 

8. S. F. Singer: “Trapped Albedo Theory of the Radiation Belt,” Phys. Rev. Letters, 

I, 181-183 (1958). 

9. S. N. Vernov: Special Lecture, Fifth General Assembly of C.S.A.G.I. in Moscow, 

July 30-Aug. 9, 1958. 

10. S. N. Vernov, A. Y. Chudakov, P. V. Vakulov, and Y. I. Logachev: “Study of 

Terrestrial Corpuscular Radiation and Cosmic Rays during Flight of the Cosmic 
Rocket,” Doklady Akad. Nauk S.S.S.R., 125, 304-307 (1959). 

11. P. J. Kellogg: “Possible Explanation of the Radiation Observed by Van Allen at 

High Altitudes in Satellites,” Nuovo Cirnento (in publication). 

12. T. Gold: “Origin of the Radiation near the Earth Discovered by Means of Satel¬ 

lites,” Nature, 183, 355-358 (1959). 

13. S. N. Vernov, A. E. Chudakov, E. V. Gorchakov, J. L. Logachev, and P. V. 

Vakulov: “Study of the Cosmic-ray Soft Component by the 3rd Soviet Earth 
Satellite,” Planetary and Space Science, 1, 86-93 (1959). 

14. “Symposium on Scientific Effects of Artificially Introduced Radiations at High 

Altitudes,” J. Geophys. Research, 64, 865 (1959) and in Proc. Natl. Acad. Sci. 
U.S., 45, 1141 (1959); also as separate reprint in IGY Satellite Report Series 
No. 9 (1959): 

R. W. Porter: “Introduction” 

N. C. Christofilos: “The Argus Experiment” 

J. A. Van Allen, C. E. Mcllwain, and G. H. Ludwig: “Satellite Observations of 
Radiation Artificially Injected into the Geomagnetic Field” 

L. Allen, Jr.: “Measurement of Trapped Electrons from a Nuclear Device by 
Sounding Rockets” 

J. A. Welch, Jr.: “Theory of Geomagnetically Trapped Electrons from an 
Artificial Source” 

P. Newman: “Optical, Electromagnetic, and Satellite Observations of High- 
altitude Nuclear Detonations—Part I” 

A. M. Peterson: “Optical, Electromagnetic, and Satellite Observations of 
High-altitude Nuclear Detonations—Part II” 

15. J. A. Van Allen and L. A. Frank: “Radiation Measurements to 658,000 Kilo¬ 

meters with Pioneer IV,” Nature, 184, 219 (1959). 

16. L. Allen, Jr., R. B. Walton, W. A. Whitaker, and J. A. Welch: “Angular Distribu¬ 

tion of Van Allen Radiation with Respect to Geomagnetic Field ” (private 
communication, May, 1959). 

17. F. E. Holly and R. G. Johnson: “Composition of Radiation T rapped in the 

Geomagnetic Field at Altitudes up to 1000 Kilometers” (private communica¬ 
tion, May, 1959). 

18. S. C. Freden and R. S. WLite: “Protons in the Earth’s Magnetic Field” (private 

communication, May, 1959). 

19. S. Chapman and J. Bartels: “Geomagnetism,” Vols. 1 and 2 (Oxford: Clarendon 

Press, 1940). 

20. S. K. Mitra: “The Upper Atmosphere,” The Asiatic Society Monograph Series, 

Vol. 5, 2d edition, Calcutta, 1952. 

21. L. H. Meredith, M. B. Gottlieb, and J. A. Van Allen: “Direct Detection of Soft 



THE GEOMAGNETICALLY TRAPPED CORPUSCULAR RADIATION 285 


Radiation above 50 Kilometers on the Auroral Zone,” Phys. Rev., 97, 201-205 
(1955). 


22. J. A. Van Allen: “Direct Detection of Auroral Radiation with Rocket Equip¬ 

ment,” Proc. Natl. Acad. Sci. U.S., 43, 57-92 (1957). 

23. H. V. Neher: Private communication, April, 1958. 

24. N. Christofilos: Private communication, April, 1958. 

25. W. N. Hess: “Van Allen Belt Protons from Cosmic-ray Neutron Leakage,” 


private communication, May, 1959. 

20. T. Gold: “Energetic Particle Fluxes in the Solar System and Near the Earth,” 
private communication, April, 1959. 

27. P. J. Kellogg and E. P. Ney: “A New Theory of the Solar Corona,” private 
communication, March, 1959. 


A BIBLIOGRAPHY CONCERNING GEOMAGNETICALLY TRAPPED 
CORPUSCULAR RADIATION AND RELATED TOPICS, OCTOBER, 1960 

J. A. VAN ALLEN 

Akasofu, S. I.: “The Ring Current and the Outer Atmosphere,” /. Geophys. Research, 
65, 535-543 (I960). 

A If ven, H.: “Cosmical Electrodynamics” (Oxford: Clarendon Press, 1950, 237 pp.). 

•-—• “On the Electric Field Theory of Magnetic Storms and Aurorae,” Tellus, 7, 

50-64 (1955). 

-: “Momentum Spectrum of the Van. Allen Radiation,” Phys. Rev. Letters, 3, 

459-400 (1959). 

Allen, L., Jr., J. L. Beavers, 11, VV. A. Whitaker, J. A. Welch, Jr., and R. B. Walton: 
“ Project Jason Measurement of Trapped Electrons from a Nuclear Device by 
Sounding Rockets,” ,/. Geophys. Research, 6/ f , 893-907 (1959). 

Anderson, K. A.: “Ionizing Radiation Associated with Solar Radio Noise Storm,” 
Phys. Rev. Letters, 1, 335-337 (1958). 

-: “Soft Radiation Events at High Altitude during the Magnetic Storm of 

August 29-30, 1957,” Phys. Rev., Ill , 1397-1405 (1958). 

-: “ Balloon Observations of X-rays in the Auroral Zone, I,” J. Geophys. Research, 

65, 551-564 (I960). 

-and I). C. Enemark: “Observations of Auroral Zone X-rays and Solar Cosmic 

Rays,” in II. Kallmann Bijl (ed.), “Space Research,” pp. 702-714, Proceedings of 
the First International Space Science Symposium (North-Holland Publishing 
Co., Amsterdam, 1960, 1 195 pp.). 

Aono, Y., and K. Kawakami: “Cosmic Rays Observed by Satellite 1958 Alpha,” 
Report Ionosphere Research Japan, 12, 28-36 (1958). 

Armstrong, A. 11., F. B. Harrison, and L. Rosen: “Flux and Energy of Charged Parti¬ 
cles at 300- and 000-mile Altitude,” Bulletin American Physical Society, Ser. II, 
4, No. 0, 300 (1959). 

Arnoldy, R., R. Hoffman, and J. R. Winckler: “Measurements of the Van Allen 
Radiation Belts during Geomagnetic Storms,” in H. Kallmann Bijl (ed.), “Space 
Research,” pp. 877-890, Proceedings of the First International Space Science 
Symposium (North-Holland Publishing Co., Amsterdam, 1960, 1195 pp.). 



286 


FIELDS AND PARTICLES IN SPACE 


-^ an( j - ; “Observations of the Van Allen Radiation Regions 

during August and September 1959, Part 1,” J. Geophys. Research, 65, 1361-1375 
(1960). 

-, -, and -: “Solar Cosmic Rays and Soft Radiation Observed at 

5,000,000 Kilometers from Earth,” J. Geophys. Research, 65, 3004-3007 (1960). 

Askaryan, G.: “On the Nature of the External Radiation Belt of the Earth,” in S. I. 
Syrovatsky (ed.), Proceedings of the Moscow Cosmic Ray Conference, Vol. Ill, 
pp. 81-82 (International Union of Pure and Applied Physics, Moscow, 1960). 

Bartels, J.: “Geophysical Evidence Bearing on Orbital Variations of Satellites and on 
the Radiation Belts,” in H. Kallmann Bijl (ed.), “Space Research,” pp. 841-844, 
Proceedings of the First International Space Science Symposium (North-Holland 
Publishing Co., Amsterdam, 1960, 1195 pp.). 

Easier, R. P., R. N. Dewitt, and G. C. Reid: “Radiation Information from 19585a,” 
J. Geophys. Research, 65, 1135-1138 (1960). 

Beard, D. B.: “Interaction of the Solar Plasma with the Earth’s Magnetic Field,” 
Phys. Rev. Letters, 5, 89—91 (1960). 

Bennett, W. H.: “Proposed Measurement of Solar Stream Protons,” in J. A. Van 
Allen (ed.), “Scientific Uses of Earth Satellites,” Chap. 22, pp. 194-197 (Univer¬ 
sity of Michigan Press, 1956, 316 pp.). 

-: “Solar Proton Stream Forms with a Laboratory Model,” Rev. Sci. Instr., SO, 

64-69 (1959). 

Berkner, L. V., J. G. Reid, J. Hanessian, Jr., and L. Cormier (eds.): “Annals of the 
International Geophysical Year,” Vol. VI, pts. I-V (Pcrgamon Press, London, 
1958, 508 pp.). A general reference on matters of satellite technology. 

Berthold, W. K., A. K. Harris, and H. J. Hope: “World-wide Effects of Hydro- 
magnetic Waves due to Argus,” J. Geophys. Research, 65, 2233-2239 (I960). 

Blackwell, D. E., D. W. Dewhirst, E. P. Ney, and P. J. Kellogg: “Kellogg and Ney’s 
Model of the Solar Corona,” Nature {London), 184, 1120-1123 (1959). 

Bless, R. C., C. W. Gartlein, D. S. Kimball, and G. Sprague: “Auroras, Magnetic 
Rays and Protons,” J. Geophys. Research, 64, 949-953 (1959). 

Block, L.: “Model Experiments on Aurorae and Magnetic Storms,” Tellus, 7, 65-86 
(1955). 

Bobrov, M. S.: “A Study of Solar Corpuscular Streams Based on World-wide Dis¬ 
turbances Observed during the IGY,” Soviet Astronomy AJ, 3, No. 6, 943-950 
(May-June, 1960). 

Chamberlain, J. W.: “Theories of the Aurora,” in H. E. Landsberg and J. Van 
Mieghem (eds.), “Advances in Geophysics,” Vol. 4, pp. 109-215 (Academic 
Press, Inc., 1958). 

-, J. Kern, and E. H. Vestine: “Some Consequences of Local Acceleration of 

Auroral Primaries,” J. Geophys. Research, 65, 2535—2537 (1960). 

Chandrasekhar, S.: “Adiabatic Invariants in the Motions of Charged Particles,” in 
R. K. M. Landshoff (ed.), “The Plasma in a Magnetic Field” (Stanford Univer¬ 
sity Press, 1958, 130 pp.). 

Chapman, S., and J. Bartels: “Geomagnetism,” Vols. I and II (Oxford: Clarendon 
Press, 1940, 1049 pp.). 

Charakhchian, A. N., V. F. Tulinov, and T. N. Charakhchian: “Cosmic Rays Emitted 
by the Sun,” in H. Kallmann Bijl (ed.), “Space Research,” pp. 649-661, Proceed¬ 
ings of the First International Space Science Symposium (North-Holland Publish¬ 
ing Co., Amsterdam, 1960, 1195 pp.). 



THE G EO M A G N ETI CALL Y TRAPPED CORPUSCULAR RADIATION 


287 


Christofilos, N. C.: “The Argus Experiment,” J. Geophys. Research, 6J t , 809-875 (1959). 

Cole, K. 1).: “Ixnv Energy Corpuscular Radiation at High Latitudes,” Nature (Lon¬ 
don), 188, 738 (1959). 

Coleman, P. .J., Jr., L. Davis, and C. P. So nett: “Steady Component of the Inter¬ 
planetary Magnetic Field: Pioneer V,” Rhys. Rev. Letters, 5, 48-46 (I960). 

, C. P. Sonett, and D. L. Judge: “Some Preliminary Results of the Pioneer V 
Magnetometer Experiment,” </. Geophys. Research, 66, 1850-1857 (1900). 

Crawford, J. A.: “Fermi Acceleration of Electrons in the Outer Van Allen Belt,” 
Rhys. Rev. Letters, 8 , 310-818 (1959). 

Cullington, A. L.: “A Man-made or Artificial Aurora,” Nature (London), 162 1305 
(1958). 

Davis, L. R., O. E. Berg, and L. H. Meredith: “Direct Measurement of Particle 
Fluxes in and near Auroras,” in H. Kallmann Bijl (ed.), “Space Research,” pp. 
721—785, L ioceedings of the First International Space Science Symposium 
(North-Holland Publishing Co., Amsterdam, I960, 1195 pp.). 

Desslei, A. J.. Ellect of Magnetic Anomaly on Particle Radiation Trapped in 
Geomagnetic Field,” J. Geophys. Research, 64, 713-715 (1959). 

-and E. N. Parker: “ Hydromagnetic Theory of Geomagnetic Storms,” J. 

Geophys. Research, 6J h 2239-2252 (1959). 

and It. Karplus: “The Gap in the Electron Component of the Outer Zone of 
the Van Allen Radiation,” J. Geophys. Research, 66, 2480 (1960). (Abstract.) 

-and —-: “Some Properties of the Van Allen Radiation,” Rhys. Rev. Letters 

4, 271-274 (I960). 

——— and E. H. Vestine: “Maximum Total Energy of the Van Allen Radiation 
Belt,” J. Geophys. Research, 66, 1009-1071 (1960). 

Dolginov, S. S., E. G. Eroshenko, L. N. Zhugov, N. V. Pushlcov, and L. O. Tyurmina: 
“Measuring the Magnetic Fields of the Earth and Moon by Means of Sputnik 
III and Space Rockets I and II,” in H. Kallmann Bijl (ed.), “Space Research,” 
pp. 803-808, Proceedings of the First International Space Science Symposium 
(North-Holland Publishing Co., Amsterdam, 1900, 1195 pp.). 

and N. V. Bushkov: “Magnetic Field of the Outer Corpuscular Region,” in 

5. I. Syrovatsky (ed.), Proceedings of the Moscow Cosmic Ray Conference, 
Vol. Ill, pp. 30—31 (International Union of Pure and Applied Physics, Moscow, 
1900). 

Dorman, E. I.: “On the Problem of Hie Nature of Soft Radiation in the Upper Atmos¬ 
phere,” in S. I. Syrovatsky (ed.), Proceedings of the Moscow Cosmic Ray Con¬ 
ference, Vol. Ill, pp. 74-80 (International Union of Pure and Applied Physics, 
Moscow, I960). 

Dyee, R. B., and M. P. Nakada: “On the Possibility of Detecting Synchrotron Radia¬ 
tions from Electrons in the Van Allen Belts,” J. Geophys. Research, pp. 1163-1108 
(1959). 

Fan, 0. Y., P. Meyer, and J. A. Simpson: “Preliminary Results from the Space Probe 
Pioneer V,” ,/. Geophys. Research, 66, 1802-1803 (1960). 

, --— and-: “Rapid Reduction of Cosmic-radiation Intensity Meas¬ 

ured in Interplanetary Space,” Rhys. Rev. Letters, 6, 269-271 (1960). 

-, —-and-: “Experiments on the Eleven Year Changes of Cosmic Ray 

Intensity Using A Space Probe,” Rhys. Rev. Letters, 6, 272-274 (1900). 

- f -— atu l —-. “Trapped and Cosmic Radiation Measurements from 

Explorer VI,” in. II. Kallmann Bijl (ed.), “Space Research,” pp. 951-900, Pro- 





288 


FIELDS AND PARTICLES IN SPACE 


ceedings of the First International Space Science Symposium (North-IIolland 
Publishing Co., Amsterdam, 1960, 1195 pp.). 

Field, G. B.: "The Source of Radiation from Jupiter at Decimeter Wavelengths/’ 
J. Geophys. Research, 64, 1169-1177 (1959). 

-: "The Source of Radiation from Jupiter at Decimeter Wavelengths. 2. 

Cyclotron Radiation by Trapped Electrons,” J. Geophys. Research, 65, 1661-1671 
(1960). 

Finch, H. F., and B. R. Leaton: “The Earth’s Main Magnetic Field—Epoch 1955.0,” 
Monthly Notices of the Royal Astronomical Society (Geophysical Supplements), 
7, No. 6, 314-317 (November, 1957). 

Fowler, P. H., and C. J. Waddington: "An Artificial Aurora,” Nature {London), 182, 
1728 (1958). 

Francis, W. E., M. I. Green, and A. J. Dessler: " Hydromagnetic Propagation of 
Sudden Commencements of Magnetic Storms,” J. Geophys. Research, 64, 1643- 
1645 (1959). 

Freden, S. C., and R. S. White: “Protons in the Earth’s Magnetic Field,” Phys. Rev. 
Letters, 3, 9-10, 145 (1959). 

- and -: "Particle Fluxes in the Inner Radiation Belt,” J. Geophys. 

Research, 65, 1377-1383 (1960). 

Gall, R., and J. Lifshitz: "Temporary Capture of Cosmic Ray Particles and Their 
Contribution to the High Intensity Belts,” in S. I. Syrovatsky (ed.), Proceedings 
of the Moscow Cosmic Ray Conference, Vol. Ill, pp. 64-73 (International 
Union of Pure and Applied Physics, Moscow, 1960). 

Gibson, G., W. C. Jordan, and E. J. Lauer: "Containment of Positrons in a Mirror 
Machine,” Phys. Rev. Letters, 5, 141-144 (1960). 

Gold, T.: "Origin of the Radiation near the Earth Discovered by Means of Satellites,” 
Nature {London), 183, 355-358 (1959). 

-: "Motions in the Magnetosphere of the Earth,” J. Geophys. Research, 64, 

1219-1224 (1959). 

-: “Plasma and Magnetic Fields in the Solar System,” J. Geophys. Research, 

64, 1665-1674 (1959). 

Herz, A. J., K. W. Ogilvie, J. Olley, and R. B. White: "Radiation Observations with 
Satellite 19585 2 over Australia,” in S. I. Syrovatsky (ed.), Proceedings of the 
Moscow Cosmic Ray Conference, Vol. Ill, pp. 32-40 (International Union of 
Pure and Applied Physics, Moscow, 1960). 

Hess, W. N.: "Van Allen Belt Protons from Cosmic-ray Neutron Leakage,” Phys. 
Rev. Letters, 3, 11-13, 145 (1959). 

and A. J. Starnes: “Measurement of the Neutron Flux in Space,” Phys. Rev. 
Letters, 5, 48-50 (1960). 

Hirtzler, J. H., and J. Hirshman: ‘'Measurements of the Geomagnetic Field Near 
Capetown,” J. Geophys. Research, 65, 3016-3018 (1960). 

Holly, F. E., and R. G. Johnson: "Measurement of Radiation in the Lower Van Allen 
Belt,” J. Geophys. Research, 65, 771-772 (1960). 

Hultqvist, B.: "Auroral Isochasms,” Nature {London), 183, 1478-1479 (1959). 

Inove, Y.: "Physical Properties in the Outer Van Allen Belt and Their Relations to 
the Phenomena in the Exosphere,” in H. Kallmann Bijl (ed.), "Space Research,” 
pp. 828-840, Proceedings of the First International Space Science Symposium 
(North-Holland Publishing Co., Amsterdam, 1960, 1195 pp.). 



THE GEOMAGNETICALLY TRAPPED CORPUSCULAR RADIATION 289 


Jastrow, R.: “Density and Temperature of the Upper Atmosphere/’ Astronautics, 
July, 1959, pp. 24-25, 108. 

— : “Geophysical Effects of the Trapped Particle Layer/’ in H. Kallmann Bijl 

(ed.), “Space Research,” pp. 1009—1018, Proceedings of the First International 
Space Science Symposium (North-Holland Publishing Co., Amsterdam, 1960, 
1195 pp.). 

and G. J. F. MacDonald: “Highlights of the Planetary Sciences Program/’ 
'Frans. Am. Geophys. Union, 41 , 430-434 (1960). 

Josias, C.: “Pioneer’s Radiation-detection Instrument,” Astronautics, July, 1959, 
pp. 32-33, 114-115. 

Kasper, J. E.: “The Earth’s Simple Shadow Effect on Cosmic Radiation,” Nuovo 
Cimento, Ser. X, Suppl. Vol. 11, No. 1, pp. 1-26 (1959). 

: “Geomagnetic Effects on Cosmic Radiation for Observation Points above the 
Earth,” J. Geophys. Research, 05, 39-53 (1960). 

Kellogg, P. J.: “Possible Explanation of the Radiation Observed by Van Allen at High 
Altitudes in Satellites,” Nuovo Cimento, Ser. X, 11, 48-66 (1959). 

-: “Electrons of the Van Allen Radiation,” J. Geophys. Research, 05, 2705-2713 

(1960) 


— and E. P. Ney: “A New Theory of the Solar Corona,” Nature {London), 188, 
1297-1301 (1959). 


-, -, and J. R. Winekler: “Geophysical Effects Associated with High- 

altitude Explosions,” Nature {London), 188, 358-361 (1959). 

Korff, S. A., and It. C. Haymes: “Radiation Observed at Balloon Levels with Cosmic- 
ray Counters during an Auroral Display,” J. Geophys. Research, 05, 2504 (1960). 
(Abstract.) 

Krassovsky, V, I.: “Energy Sources of the Upper Atmosphere,” Planetary and Space 
Science, 1, 14-19 (1959). 


-: “Results of Scientific Investigations Made by Soviet Sputniks and Cosmic 

Rockets,” Astronautica Acta, 0, 32-47 (I960). 

—-, I- S. Shklovsky, G. I. Galperin, and E. M. Svetlitsky: “On Fast Corpuscles 

of the Upper Atmosphere,” in S. I. Syrovatsky (ed.), Proceedings of the Moscow 
Cosmic Ray Conference, Vol. Ill, pp. 59-63 (International Union of Pure and 
Applied Physics, Moscow, 1960). 

Kurnosova, L. V., V. I. Logachev, L. A. Razorenov, and M. I. Fradkin: “Cosmic Ray 
Investigation by the Second Cosmic Rocket Landed on the Moon,” in H. Kall¬ 
mann Bijl (ed.), “Space Research/’ pp. 852-862, Proceedings of the First Inter¬ 
national Space Science Symposium (North-Ilolland Publishing Co., Amsterdam, 
1960,1195 pp.). 

Lawrio, J. A., V. B. Gerard, and P. J. Gill: “Magnetic Effects Resulting from Two 
High-altitude Nuclear Explosions,” Nature {London), 184, B.A. 34, 51, 52 (1959). 

Leipunskii, 0. I.: “Possibility of a Magnetic Effect of High-altitude Explosions of 
Atom Bombs,” Zh. Eksper. Tear. Fiz., 88, 302-304 (1960). 

Ludwig, G. II.: “Cosmic Ray Instrumentation in the First U.S. Earth Satellite,” 
Rev. Set. Instr., 80, 223-229 (1959). 

-and W. A. Whelpley: “Corpuscular Radiation Experiment of Satellite 1959 

Iota (Explorer VII),” ./. Geophys. Research, 65, 1119-1124 (1960). 

Maeda, H.: “Geomagnetic Disturbances due to Nuclear Explosion,” Jour. Geophys. 
Research, 0/ h 863-864 (1959). 



290 


FIELDS AND PARTICLES IN SPACE 


Malville, J. M.: “Artificial Auroras Resulting from 1958 Johnston Island Nuclear 
Explosions,” J. Geophys. Research, 64 , 2267-2270 (1959). 

-: “The Effect of the Initial Phase of a Magnetic Storm upon the Outer Van 

Allen Belt,” J. Geophys. Research, 65, 3008-3010 (1960). 

Mason, R. G., and M. J. Vitousek: “Some Geomagnetic Phenomena Associated 
With Nuclear Explosions,” Nature (London), 184, B.A. 52-54 (1959). 

Matsushita, S.: “On Artificial Geomagnetic and Ionospheric Storms Associated with 
High-altitude Detonations,” /. Geophys. Research, 64 , 1149-1161 (1959). 

Mcllwain, C. E.: “Scintillation Counters in Rockets and Satellites,” I.R.E. Trans¬ 
actions in Nuclear Science, NS, 7, No. 2-3, 159-164 (June-Septemher, I960). 

-: “Direct Measurement of Particles Producing Visible Aurorae,” J. Geophys. 

Research, 65, 2727-2747 (1960). 

-: “Direct Measurement of Protons and Electrons in Visible Aurorae,” in 

H. Kallmann Bijl (ed.), “Space Research,” pp. 715—720, Proceedings of the First 
International Space Science Symposium (North-Holland Publishing Co., Amster¬ 
dam, 1960, 1195 pp.). 

- and P. Rothwell: “Satellite Observations of Time Variations of Charged 

Particle Intensities at High Latitudes,” Bulletin of the American Physical Society, 
Ser. II, 4 , No. 4, 238 (1959). (Abstract.) 

- and - : "Spatial Dependence of the Intensity of Charged Particles 

Trapped in the Earth’s Field between 50°N and 50°S Geographic Latitude, and 
300- to 2000-km. Altitude,” J. Geophys. Research, 65, 2508-2509 (1960). 
(Abstract.) 

McNish, A. G.: “Geomagnetic Effects of High-altitude Nuclear Explosions,” J. 
Geophys. Research, 64, 2253-2265 (1959). 

Meredith, L. H., M. B. Gottlieb, and J. A. Van Allen: “Direct Detection of Soft 
Radiation above 50 Kilometers in the Auroral Zone,” Phys. Rev., 97, 201-205 
(1955). 

Miyazaki, Y., and H. Takeuchi: “Altitude Dependence and Time Variation of the 
Radiation Intensity Observed by U.S. Satellite 1958a,” Report of Ionosphere 
Research in Japan, 12, No. 4, 448-458 (1958). 

and -: “Altitude Dependence and Time Variation of the Radiation 

Intensity Observed by U.S. Satellite 1958a,” in S. I. Syrovatsky (ed.), Proceed¬ 
ings of the Moscow Cosmic Ray Conference, Vol. Ill, pp. 41-45 (International 
Union of Pure and Applied Physics, Moscow, 1960). 

- and -: “Radiation Measurements from Satellite 1958 Epsilon,” in 

H. Kallmann Bijl (ed.), “Space Research,” pp. 869-876, Proceedings of the First 
International Space Science Symposium (North-Holland Publishing Co., Amster¬ 
dam, 1960, 1195 pp.). 

Montalbetti, R., and A. V. Jones: “H a Emissions during Aurorae over West-Central 
Canada,” J. Atmos. Terrest. Phys., 11, 43-50 (1957). 

Newman, P.: “Optical, Electromagnetic, and Satellite Observations of High-altitude 
Nuclear Detonations, Part I,” J. Geophys. Research, 64 , 923-932, 2036 (1959). 

Northrop, T. G., and E. Teller: “Stability of the Adiabatic Motion of Charged Parti¬ 
cles in the Earth’s Field,” Phys. Rev., 117, 215-225 (1960). 

Obayashi, T.: “The Acceleration of Particles in the Outer Atmosphere,” J. Geomayn. 
Geoelect., 10, 151-152 (1959). 

. "Physical State of Outer Atmosphere and the Origin of Radiation Belts,” 
in H. Kallmann Bijl (ed.), “Space Research,” pp. 821-827, Proceedings of the 



THE GEOMAGNETICALLY TRAPPED CORPUSCULAR RADIATION 


291 


First International Space Science Symposium (North-Holland Publishing Co., 
Amsterdam, I!)(>(), 1 11)5 pp.). 

and Y. Hakura: “Enhanced Ionization in the Polar Ionosphere and Solar Cor¬ 


puscular Radiation,” in H. Kallmann Bijl (ed.), “Space Research,” pp. 665-694, 
Proceedings of the First International Space Science Symposium (North-Holland 
Publishing Co., Amsterdam, I960, 1 195 pp.). 

O’Brien, B. J., J. A. Van Allen, F. E. Roach, and C. W. Gartlcin: “Correlation of an 
Auroral Arc and a Subvisiblc Monochromatic 6300A. Arc with Outer-zone 
Radiat ion on November 28, 1959,” J. Geophys. Research, 65, 2759-2766 (1960). 

-, and G. H. Ludwig: “Development of Multiple Radiation Zones on October 

18, 1959,” J. Geophys. Research, 65, 2695-2699 (1960). 

Omholt, A.: “Studies on the Excitation of Aurora Borealis, I. The Hydrogen Lines,” 
Geofys. Publ., 20, No. II, 40 pp. (1959). 

Papazian, II. A.: “The Colors of Jupiter,” Publ. Astron. Soc. Pacific, 71, 237-239 
(1959). 

Parker, E. N.: “The Gross Dynamics of a Hydromagnetic Gas Cloud,” Astrophysical 
Journal (Supplement), S, 51-76 (1957). 

-: “Interaction of the Solar Wind with the Geomagnetic Field,” Physics of 

Fluids, 1, 171-187 (1958). 

-: “Extension of the Solar Corona into Interplanetary Space,” J. Geophys. 

Research, 64, 1675-1681 (1959). 

Peterson, A. M.: “Optical, Electromagnetic, and Satellite Observations of High- 
altitude Nuclear Detonations, Part II,” J. Geophys. Research, 64, 933-938 (1959). 

Piddington, J. H.: “Geomagnetic Storm Theory,” J. Geophys. Research, 65, 93-106 
(1960). 

Pikel’ner, S. B.: “The Origin of the Outer Radiation Band of the Earth,” Soviet 
Astronomy AJ, 3, No. 6, 1043-1044 (May-June 1960). 

Porter, R. W.: “ Introductory Remarks: Symposium on Scientific Effects of Artificially 
Introduced Radiations at High Altitudes,” ,/. Geophys. Research, 64, 865-867 
(1959). 

Radhakrishnan, V., and J. A. Roberts: “Polarization and Angular Extent of the 960 
Me/son Radiation from Jupiter,” Phys. Rev. Letters, 4, 493-494 (1960). 

Ray, E. C.: “On the Theory of Protons Trapped in the Earth’s Magnetic Field,” 
./. Geophys. Research, 65, 1125—1 134 (I960). 

Rees, M. II., and G. C. Reid: “The Aurora, the Radiation Belt and the Solar Wind: 
A Unifying Hypothesis,” Nature {London), 184, 539—540 (1959). 

Richter, II. L., Jr., W. Pilkington, J. P. Eyrand, W. S. Shipley, and L. W. Randolph: 
“Instrumenting the. Explorer I Satellite,” Electronics, 32, No. 6, 39-43 (1959). 

Rosen, A., P. J. Coleman, Jr., and C. P. Sonctt: “Ionizing Radiation Detected by 
Pioneer I I,” Planetary and Space Science, 1, 343-346 (1959). 

-, T. A. Farley, and C. P. Sonctt: “Soft Radiation Measurements on Explorer 

VI Earth Satellite,” in II. Kallmann Bijl (ed.), “Space Research,” pp. 938-950, 
Proceedings of the First International Space Science Symposium (North-Holland 
Publishing Co., Amsterdam, I960, 1195 pp.). 

0. P. Sonett, P. J. Coleman, Jr., and C. E. Mcllwain: “Ionizing Radiation at 


Altitudes of 3,500 to 36,000 Kilometers, Pioneer T,” J. Geophys. Research, 64, 
709 712 (1959). 

Rosenbluth, M. N., and 0. JL. Longmire: “Stability of Plasmas Confined by Magnetic 
Fields,” Annals of Physics, 1, 120-140 (1957). 



292 


FIELDS AND PARTICLES IN SPACE 


Rossi, B.: “Scientific Results of Experiments in Space," Trans. Am. Geophys. Union, 
41, 410-434 (1960). 

Rothwell, P.: “Magnetic Cut-off Rigidities of Charged Particles in the Earth’s Field 
at Times of Magnetic Storms," J. Geophys. Research, 64, 2026-2028 (1959). 

-and C. E. Mcllwain: “Satellite Observations of Solar Cosmic Rays," Nature 

{London), 184 , 138-140 (1959). 

- an( j- : "Magnetic Storms and the Van Allen Radiation Belts: Observa¬ 
tions from Satellite 1958 Epsilon (Explorer IV),” in H. Kallmann Bijl (ed.), “Space 
Research,” pp. 897-909, Proceedings of the First International Space Science 
Symposium (North-Holland Publishing Co., Amsterdam, 1960, 1195 pp.). 

-and-: “Magnetic Storms and the Van Allen Radiation Belts: Observa¬ 
tions with Satellite 1958e (Explorer IV)," J. Geophys. Research, 65, 799-806 
(1960). 

-and-: “Satellite Observations of Solar Cosmic Rays," in S. I. Syrovat- 

sky (ed.), Proceedings of the Moscow Cosmic Ray Conference, Vol. Ill, pp. 14-18 
(International Union of Pure and Applied Physics, Moscow, 1960). 

Schwartz, M.: “Penumbra and Simple Shadow Cone of Cosmic Radiation," Nuovo 
Cimento, Ser. X, Suppl. Vol. 9, No. I, 27—59 (1959). 

Singer, S. F.: “A New Model of Magnetic Storms and Aurorae," Trans. Am. Geophys. 
Union, 88, 175-190 (1957). 

-: ‘“Radiation Belt’ and Trapped Cosmic Ray Albedo," Phys. Rev. Letters, 1, 

171-173 ( 1958 ). 

-: “Trapped Albedo Theory of the Radiation Belt," Phys. Rev. Letters, 1, 181- 

183 (1958). 

-: “Cause of the Minimum in the Earth’s Radiation Belt,” Phys. Rev. Letters, 

3, 188-190 (1959). 

-: “Properties of the Upper Atmosphere and Their Relation to the Radiation 

Belts of the Earth," Planetary and Space Science, 2, 165-173, 202 (1960). 

-: “The Nature and Origin of the Earth’s Radiation Belts: Their Relation to 

Upper Atmosphere Densities and Their Geophysical Effects," in S. 1. Syrova,tsky 
(ed.), Proceedings of the Moscow Cosmic Ray Conference, Vol. Ill, pp. 50-58 
(International Union of Pure and Applied Physics, Moscow, 1960). 

: “On the Nature and Origin of the Earth’s Radiation Belts,” in H. Kallmann 
Bijl (ed.), “Space Research," pp. 797-820, Proceedings of the First International 
Space Science Symposium (North-Holland Publishing Co., Amsterdam, I960, 
1195 pp.). 

: “Latitude and Altitude Distribution of Geomagnetically Trapped Protons," 
Phys. Rev. Letters, 5, 300-303 (1960). 

Snyder, C. W.: “The Upper Boundary of the Van Allen Radiation Belts,” Nature 
{London), 184, 439-440 (1959). 

Sonett, C. P.: “Coupling of the Solar Wind and the Exosphere," Phys. Rev. Letters, 
5, 46-48 (1960). 

-: “Experimental Physics Using Space Vehicles,” in F. I. Ordway III (ed.), 

“Advances in Space Science," Vol. 2, pp. 1-115 (Academic Press, 1960). 

, E. J. Smith, D. L. Judge, and P. J. Coleman, Jr.: “Current Systems in the 
Vestigial Geomagnetic Field: Explorer VI," Phys. Rev. Letters, 4, 161-163 (1960). 

, -, and A. R. Sims: “Surveys of the Distant Geomagnetic Field: 

Pioneer I and Explorer VI,” in H. Kallmann Bijl (ed.), “Space Research,” pp. 
921-937, Proceedings of the First International Space Science Symposium (North- 
Holland Publishing Co., Amsterdam, 1960, 1195 pp.). 



THE GEOMAGNETICALLY TRAPPED CORPUSCULAR RADIATION 293 


-—-•, D. L. Judge, A. R. Sims, and J. M. Kelso: "A Radial Rocket Survey of the 

Distant Geomagnetic Field,” J. Geophys. Research, 65, 55-68 (1960). 

Spitzer, L., Jr.: “Physics of Fully Ionized Gases” (Interscience Publishers, Inc., 
1956,105 pp.). 

Steiger, W. R., and S. Matsushita: “Photographs of the High-altitude Nuclear 
Explosion ‘Teak’,” /. Geophys. Research, 65, 545-550 (1960). 

Stoermer, C.: “The Polar Aurora” (Oxford: Clarendon Press, 1955, 403 pp. and 213 


figs.). 

Stuart, G. W.: “Satellite Measured Radiation,” Phys. Rev. Letters, 2, 417-418 (1959). 

Treiman, S. B.: “The Cosmic-ray Albedo,” Phys. Rev., 91, 957—959 (1953). 

Van Allen, J. A.: “Study of the Arrival of Auroral Radiations,” in J. A. Van Allen 
(cd.), “Scientific Uses of Earth Satellites,” Chap. 21, pp. 188-193 (University 
of Michigan Press, Ann Arbor, Mich., 1956, 316 pp.). 

-: “Direct Detection of Auroral Radiation with Rocket Equipment,” Proc. 

( IJ.S .) Nat. Acad. Sciences, 48, 57-92, 1957. 

-——: “ Radiation Belts around the Earth,” Scientific American , 200, No. 3, 39—47 

(March, 1959). 

-—: “The Geomagnetically-trapped Corpuscular Radiation,” J. Geophys. Research, 

64, 1683-1689 (1959). 

—-—: “The Oeomagnetically Trapped Corpuscular Radiation,” in S. I. Syrovatsky 

(ed.), Proceedings of the Moscow Cosmic Ray Conference, Vol. Ill, pp. 7—13 
(International Union of Pure and Applied Physics, Moscow, 1960). 

-—: “ Radiation Belts of the Earth,” U.S. National Report 1957-1960, Twelfth 

General Assembly, International Union of Geodesy and Geophysics, Helsinki, 
Finland, July 25-August 6, 1960, pp. 246-248 (A.G.U./NAS-NRC), 1960. 

-: “Origin and Nature of the Geomagnetically-trapped Radiation,” in H. Kall¬ 
mann Bijl (ed.), “Space Research,” pp. 749-750, Proceedings of the First Inter¬ 
national Space Science Symposium (North-Holland Publishing Co., Amsterdam, 
1960, 1195 pp.). 

-and L. A. Frank: “Radiation around the Earth to a Radial Distance of 

107,400 Kilometers,” Nature {London), 188, 430—434 (1959). 

-— aiu ] —--—: “Radiation Measurements to 658,300 Km. with Pioneer IV,” 

Nature. (London), 18/,, 219-224 (1959). 

——— and VV. C. Lin: “Outer Radiation Belt and Solar Proton Observations with 
Explorer VII during March-April 1960,” J. Geophys. Research, 65, 2998-3003 
(1960). 

-, G. H. Ludwig, E. C. Ray, and G. E. Mcllwain: “Observation of High 

Intensity Radiation by Satellites 1958 Alpha and Gamma,” Jet Propulsion, 28, 


588-592 (1958). 

•—, C. I<). Mcllwain, and G. H. Ludwig: “Radiation Observations with Satellite 
1958 Epsilon,” ,/. Geophys. Research, 6/„ 271-286 (1959). 

and-: “Satellite Observations of Electrons Artificially Injected 


into the Geomagnetic Field,” J. Geophys. Research, 64, 877—891 (1959). 

Verriov, S. N., and A. E. Ghudakov: “Terrestrial Corpuscular Radiation and Cosmic 
Rays,” in II. Kallmann Bijl (ed.), “Space Research,” pp. 751-796, Proceedings 
of file First International Space Science Symposium (North-IIolland Publishing 
Co., Amsterdam, I960, 1195 pp.). 

- aru l- : “Investigation of Radiation in Outer Space,” in S. I. Syrovatsky 


(ed.), Proceedings of the Moscow Cosmic Ray Conference, Vol. Ill, pp. 19-29 
(International Union of Pure and Applied Physics, Moscow, 1960). 



294 


FIELDS AND PARTICLES IN SPACE 


-,-, E. V. Gorchakov, J. L. Logachev, and P. V. Vakulov: “ Study of the 

Cosmic-ray Soft Component by the 3rd Soviet Earth Satellite, ,, Planetary and 
/Space Science, 1, 86-93 (1959). 

- } - x. I. Lebedinsky, and I. P. Ivanenko: “Composition of the Earth’s 

Corpuscular Radiation and Possible Mechanisms of Its Origination,” in S. I. 
Syrovatsky (ed.), Proceedings of the Moscow Cosmic Ray Conference, Vol. Ill, 
pp. 46—49 (International Union of Pure and Applied Physics, Moscow, 1960). 

-, -, P. V. Vakulov, and Y. I. Logachev: “Study of Terrestrial Corpuscu¬ 
lar Radiation and Cosmic Rays by the Flight of a Cosmic Rocket,” Doklady 
Akademii Nauk SSSR, 125, 304-307 (1959). 

- j -j -and-: “Mechta Radiation Data,” Astronautics, July, 

1959, pp. 23, 86-88. 

-, -, -, -, and A. G. Nikolaev: “Radiation Measurements 

during the Flight of the Second Cosmic Rocket,” Dokl. Akad. Nauk. SSSR, ISO, 
517-520 (1960). 

-, --, -, and -: “Radiation Measurements during the 

Flight of the Second Soviet Space Rocket,” in H. Kallmann Bijl (ed.), “Space 
Research,” pp. 845—851, Proceedings of the First International Space Science 
Symposium (North-Holland Publishing Co., Amsterdam, 1960, 1195 pp.). 

-, N. L. Grigorov, Y. I. Logachev, and A. Y. Chudakov. “Artificial Satellite 

Measurements of Cosmic Radiation,” Doklady Akademii Nauk SSSR, 120, 
1231-1233 (1958). 

-, Y. I. Logachev, A. Y. Chudakov, and Y. G. Shafer: “Research on Varia¬ 
tions of Cosmic Radiation,” in L. V. Berkner, J. G. Reid, J. Hancssian, Jr., and 
L. Cormier (eds.), Annals of the International Geophysical Year, Vol. VI, 
“Manual of Rockets and Satellites,” pp. 263—275 (Pergamon Press, London, 
1958). [Uspekhi Fizicheskikh Nauk, Akademia Nauk Soiuza S.S.R., 68, 149- 
162 (1957).] 

Vestine, E. H.: “Note on Conjugate Points of Geomagnetic Field Lines for Some 
Selected Auroral and Whistler Stations of the I.G.Y.,” J. Geophys. Research, 
64, 1411-1414 (1959). 

-: “Polar Auroral, Geomagnetic, and Ionospheric Disturbances,” J. Geophys. 

Research, 65, 360-362 (1960). 

-, L. Laporte, I. Lange, C. Cooper, and W. C. Hendrix: “Description of the 

Earth’s Main Magnetic Field and Its Secular Change, 1905-1945,” Carnegie 
Institution of Washington, Publication 578, Washington, D.C., 1947, 532 pp. 

-and W. L. Sibley: “Remarks on Auroral Isochasms,” J. Geophys. Research, 64, 

1338-1339 ( 1959 ). 

and -: “The Geomagnetic Field in Space, Ring Currents, and Auroral 

Isochasms,” J. Geophys. Research, 65, 1967-1979 (1960). 

Walt, M., L. F. Chase, Jr., J. B. Cladis, W. L. Imhof, and D. J. Knecht: “Energy 
Spectra and Altitude Dependence of Electrons Trapped in the Earth’s Magnetic 
Field,” in H. Kallmann Bijl (ed.), “Space Research,” pp. 910-920, Proceedings of 
the First International Space Science Symposium (North-Holland Publishing Co., 
Amsterdam, 1960, 1195 pp.). 

Warwick, J. W., and R. H. Lee: “Observations of the Spectrum of Jupiter’s Deca- 
metric Radio Emission, January and February 1960,” J. Geophys. Research, 65, 
2531 (1960). (Abstract.) 



THE GEOMAGNETICAL TRAPPED CORPUSCULAR RADIATION 295 




it' 



fa 


3tut 












i 


— ! 













ON PARTICLES AND FIELDS PERTINENT 

TO AURORAL THEORY 

Joseph W. Chamberlain 


For over fifty years scientists have felt fairly certain that the aurora 
is produced by the bombardment on the Earth’s upper atmosphere of 
high-speed particles, ejected from the Sun during periods of solar activity. 
But the precise manner in which these particles escape from the Sun, 
travel the intervening 93 million miles from the Sun to the Earth, eventu¬ 
ally interact with the Earth’s magnetic field, and finally make their way 
into the Earth’s atmosphere to produce the aurora have all been subjects 
steeped in mystery. A variety of theories for these processes have been 
proposed, but none has been especially satisfactory. 

Our inability to fully understand the aurora is not so surprising when 
one recalls that all our information about the streams of particles from 
the Sun has been indirect. We observe activity on the Sun, and a day 
or so later we have an aurora on the Earth, accompanied by substantial 
changes in the Earth’s magnetism—a so-called “geomagnetic storm.” 
In addition, the spectrum ol auroral light shows that protons (hydrogen 
nuclei) are striking the atmosphere with speeds of several thousand 
kilometers per second during an aurora, forming impressive evidence 
that the aurora is indeed due to hydrogen gas ejected from the Sun. 
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FIELDS AND PARTICLES IN SPACE 


Nevertheless, our knowledge of the behavior of the particles in space has 
remained obscure, and only the possibility of their direct detection, by 
satellites and space probes, offers real hope of understanding the auroral 
phenomenon. 

In this section I wish to sketch the information that has so far entered 
into the construction of auroral theories and to indicate the principal 
problems that still remain and the manner in which space experiments 
may be expected to solve them. 


1. STREAMS OF SOLAR GAS 

At the core of an auroral theory lies a hypothesis on the manner in 
which a solar disturbance is propagated. Usually the hypothesis has 
involved clouds or streams of plasma or ionized gas. Several attempts 
have been made 1 ” 4 to detect calcium atoms in such streams spectro¬ 
scopically through abnormal absorptions shortward of the solar H and K 
spectral lines prior to magnetic storms, but the results have been mostly 
negative. 

The angular diameter of geoactive streams is often thought to be 
several degrees 5 as deduced from (1) the duration for strong magnetic 
storms of a few days at most, (2) the tendency for active solar regions to 
have their maximum geomagnetic influence near central-meridian passage, 

(3) the yearly variation, interpreted as due to the ejection of particles 
from regions on the Sun that are localized near the sunspot belts, 5 and 

(4) the 11-year cycle, with an observed lag in the geoactive maximum 
behind the sunspot maximum attributed to the higher solar latitude of 
sunspots early in the sunspot cycle. 

That corpuscular emission from the Sun is more widespread and fre¬ 
quent than had been inferred from geophysical observations is indicated 
by the acceleration of comet tails away from the Sun. Formerly attrib¬ 
uted to radiation pressure, these accelerations now appear to involve 
particle collisions. Biermann 7-10 has developed this hypothesis and con¬ 
cludes that densities of the order of 100 particles per cm 3 and stream 
velocities of the order of 500 to 1500 km per sec are present at all times 
near the Earth, with a flux increased over 100 times during magnetic 
storms. This proposal for such a strong ‘'solar wind,” as .Parker 11,11 * 
calls it, offers difficulties in accounting for neutral hydrogen in the solar 
system and is not substantiated by observations of continuous outward 
motions in the corona. Thus the reality of a steady solar wind is still 
uncertain. Some theoretical work on the solar corona and interplanetary 
gas suggests no more than a “solar breeze.” 12 ’ 13 
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Solar-particle streams appear to originate in the active regions around 
sunspots and may consequently carry magnetic fields. 14 Mustel 15 esti¬ 
mates that fields as high as 10~ 2 gauss might be transported to the Earth 
in this fashion, “frozen” to the gas. Such fields would contribute to 
the large accelerations of ions in comet tails, reducing the momentum 
otherwise required for solar streams; would have a profound bearing on 
the interaction of the streams with the Earth; and may account for time 
variations in cosmic rays, such as the Forbush decrease. 

A considerable number of models for solar streams have been proposed. 16 
Here we must confine the discussion to a brief resume of the principal 
works. All these models have attempted to elucidate the interaction 
between charged particles and the terrestrial magnetic field. The 
theories differ according to the assumptions made regarding the relative 
speeds of protons and electrons, the importance of a particle’s electric and 
magnetic forces on its neighbors in the stream, and the influence of solar 
or interplanetary magnetic fields. 

Stormer’s 17-19 theory of single particles in a dipole field is the prototype 
for stream models in which the motions of charged particles of one sign 
are predominant. A precursor to Stormer’s work was the theory for a 
particle in the field of a monopole developed by his teacher, PoincarA 20 
The stimulus was the experimental work of Birkeland, 21 who fired particles 
at a magnetized sphere (terrella). A modification of the Stormer theory 
was proposed by Bennett and Plulburt 22 ’ 23 and Bennett, 24 - 26 and it is 
also suitably illustrated by a modified terrella experiment designed by 
Bennett. 26,27 


A stream composed of equal numbers of positive ions and electrons, 
all moving with essentially the same velocity, was first proposed by 
Lindcmann (Lord Chcrwcll) 28 and subsequently developed by Chapman 
and Ferraro 29-31 and Ferraro. 32 It was assumed that interplanetary 
space had little or no effect on the stream, which carried no magnetic 
field of its own. Extensions have been proposed by Martyn, 33 Landseer- 
Jones, 34 and Warwick, 36 regarding the interaction of such a stream with 
the terrestrial field to produce aurora. 

Streams moving through an external field in interplanetary space or 
carrying a magnetic field frozen to the cloud have been considered by 
AlfvGi, 36 4(1 Astrbm, 41 Landseer-Jones, 42 Piddington, 43 and Gold. 44,46 
Again, appropriate terrella experiments have been designed in support 
of some of this work. 4 ' 5 " 48 
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2. THE PRINCIPAL PROBLEMS REGARDING THE ORIGIN OF AURORA 

One of the most significant advances in our understanding of auroral 
particles the past few years is the realization that at least some of the 
particles have speeds much faster than the 1000 km per sec implied by 
delay times of geophysical events following solar events and that there 
is a wide energy or velocity spread among auroral particles. These con¬ 
clusions are based on the profiles of hydrogen lines in auroral spectra, 49 
the brightness distribution with height in aurorae, 49 balloon measurements 
of X rays from incident electrons, 60-56 and rocket and satellite data on 
the particles themselves. 57 - 58 

The fundamental question to auroral theory today is whether auroral 
particles spend an appreciable amount of time in the Van Allen belt. 
That is to say, do auroral particles impinge on the atmosphere directly 
from interplanetary space, or do they enter the atmosphere by way of 
the Van Allen regions, wherein their energies may be altered and their 
geographic distribution regulated? One means of resolving this problem 
is to compare the energies of the particles in the solar stream far out in 
space with the energies of particles in the trapped-radiation belt and with 
the energies of particles striking the atmosphere and producing the 
aurora. 

The spectrum of auroral energies might conceivably be explained in 
two quite different ways. On the one hand, the auroral particles may 
be accelerated locally 49 (i.e., within the terrestrial magnetic field). On 
the other hand, the energy spectrum may be produced by acceleration 
at the Sun. In the latter case particles of all energies (in the low-energy, 
auroral region) must be held together, presumably by a magnetic field. 
When the magnetized cloud or stream material merges with the terrestrial 
field, the particles might then flow directly into the polar atmosphere, 
producing the aurora. 

With the first picture (local acceleration), the existence of trapped 
particles would be an essential feature of the production of aurorae. 
With the second picture, the outer Van Allen belt would be only a sec¬ 
ondary effect of the general auroral process, the trapped particles repre¬ 
senting the residue of particles that were unable to penetrate into the 
atmosphere. These leftover particles would then constitute the trapped- 
radiation belt, replenishing it from time to time. 

A combination of these two pictures may also eventually emerge, with 
local acceleration of electrons, say, being important, the proton energy 
spectrum being modified near the Earth in a relatively less important 
manner. In that event, a solar or interplanetary magnetic field may be 
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of paramount importance in holding the protons together in spite of their 
large energy dispersion, but local acceleration would be responsible for 
producing the electron energy spectrum. A pertinent experiment to be 
conducted well outside the Earth’s field, around the time of a strong 
aurora, would measure the number of protons and electrons with different 
velocities and moving in different directions (since a magnetic field in 
space would superimpose a spiraling motion on the velocity away from 
the Sun). 

A final auroral theory must explain such items of the auroral morphol¬ 
ogy as the appearance of aurorae predominantly on the night side of the 
Earth (and even with a maximum probability of appearance near the 
midnight meridian of the Earth), the fine structure in an auroral display, 
and motions of the auroral patterns as seen visually and detected by 
radar reflections. These problems are evidently all related to the areas 
on the Earth where auroral particles precipitate and to the trajectories 
of the auroral particles in space. 

If the aurora arises from particles bombarding the atmosphere directly 
from the solar corpuscular stream, then the geographic location of the 
aurora, its structure, and its motions must be related to the manner in 
which the auroral particles are bent around the Earth and precipitated 
directly into the atmosphere. Until the discovery of the Van Allen 
belts this type of theory was generally favored, but no detailed theory 
ever offered a satisfactory explanation for these phenomena. Stormer’s 
theory of particle trajectories attempted to cope with these matters, but 
his explanation is now known to be inadequate, dealing as it did with 
particles of a single energy and not allowing for the wide energy spread 
now known to characterize the auroral particles. 

With the viewpoint that the aurora arises from the Van Allen belt, 
the geographic location, the structure, and the motions become problems 
of ascertaining why and where particles are dumped out of the belt. 
Theoretical discussions of these problems are still so speculative as to 
leave unexplained these major features of aurorae. Direct measurement 
of the particles in the radiation belt at the times and above the places 
where aurorae are produced are expected to elucidate the problem and 
give sufficient clues to the actual mechanisms at work so that a phe¬ 
nomenological theory of the aurora may soon be constructed. 

Detection of aurorae on other planets also becomes a possibility with 
space probes and will be of interest for several reasons. First, the 
emitted auroral light may show the presence of such constituents in the 
planetary atmosphere as nitrogen, which cannot be detected in the 
spectrum of reflected sunlight, as can carbon dioxide, for example. Sec- 
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ond, the presence of an auroral zone would be an indicator of a planetary 
magnetic field and perhaps of low-energy trapped particles around the 
planet. Finally, when the strength of the magnetic field becomes meas¬ 
ured by other means and the planet’s Van Allen belt is explored directly, 
we shall have an entire new set of data, very likely on a completely differ¬ 
ent scale from the terrestrial phenomena, with which to test hypotheses 
for auroral mechanisms. 

The matters discussed in this section are treated in more detail 
elsewhere. 59 
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Leo Goldberg and Edward R. Dyer, Jr. 


1. BACKGROUND 
1.1 Introduction 

i 1 h€ Su ? 1S a typical m ember of the family of stars in which energy 
production takes place in the core, but in which the conversion of hydro¬ 
gen into helium has not progressed far enough to introduce profound 
changes m the structure. This family appears on the Hertzsprung- 
Russell diagram (plot of luminosity versus spectral type or surface 
temperature, I ig. 2 of Chap. 18) as the main sequence. Luckily for stellar 
astrophysics, the Sun is an average sort of star, occupying a central 
position in the distribution of main-sequence stars according to luminosity 
and surface temperature, radius, mass, and perhaps even relative age. 

11S , gives the astrophysicist a good deal of confidence in extending 
t leories derived from solar studies toward the tvgo extremes of bigger 
brighter stars and smaller, fainter ones. ’ 

, furthermore, the Sun is tremendously important from the standpoint 
of astrophysics because it is the only star that can be examined in con¬ 
siderable detail from a relatively close distance. Other stars are so 
remote (the nearest is 800,000 times as far as the Sun) that they appear as 
optical point sources, and onjy the integrated starlight from their disks 

307 



308 


THE STARS 


is received on the Earth. In the case of the Sun, however, it is possible 
by existing techniques to resolve details smaller than 1 second of arc, 
or about one-thousandth the Sun’s radius. Much smaller details are 
easily observable from above our lower atmosphere: this point will be 
discussed later. 

Naturally the scrutiny, analysis, and correlation of the detailed features 
of the visible surface of the Sun and its extended outer atmosphere yield 
vastly more data than does integrated light for the formulation of theories 
about energy production, transfer, and conversion and for the formula¬ 
tion of> models for the interior and atmosphere. Despite the Sun’s 
proximity, however, the amounts and types of data that have been secured 
till now with earth-bound instruments are inadequate for the solution of 
most of the basic solar problems. Extension of the range of observation 
to cover the entire electromagnetic spectrum and the elimination of bad 
seeing caused by the Earth’s atmosphere are likely to fill the most 
important gaps in our knowledge. 

Before discussing the specific applications of satellite techniques to 
solar physics, we shall summarize briefly the present state of knowledge 
in the field.* 

Radiation from the Sun as a whole is only very slightly variable. 
But the radiation from localized regions or in restricted frequency ranges 
is extremely variable, and this variability is associated with activity in 
the solar atmosphere in the form of sunspots and sunspot groups, promi¬ 
nences, flares, etc. In astrophysical studies of the Sun it is useful to 
make a distinction between those that refer to the “quiet” and the 
“active” Sun. The terms “quiet” and “active” were originally intro¬ 
duced by radio astronomers to contrast the radio behavior of the Sun 
during periods of solar activity with that in the absence of activity, but 
they now also serve more generally to distinguish the normal Sun from its 
disturbed regions. 

1.2 Quiet Sun 

In discussing solar physics, it is convenient to divide the Sun into four 
concentric regions with more or less well defined properties: 

1. The interior *is the region from which no radiant energy escapes 
directly; i.e., it has been intercepted at least once. The interior may be 
subdivided further into (a) a core, a region in which the radiant energy is 
produced by thermonuclear reactions, predominantly near the center, 

* More detailed and technical accounts will be found in Handbook of the Solar 
System, Vol. I, 1 in Handbuch der Physik, Vol. 52, 2 and in other references listed in the 
bibliography at the end of this chapter. 
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and through which it seeps by radiative transfer along the temperature 
gradient toward the outside, and (b) a convective envelope, whose depth is 
uncertain, but which is at most 140,000 km thick (one-fifth the radius). 
It extends up to a layer just below the visible exterior and contains no 
more than one two-hundredth of the total mass. 

The Sun and cooler, less massive stars are believed to run on the 
proton-proton cycle, whose temperature dependence is about T 4 . Hotter, 
more massive stars operate on the carbon cycle with energy-production 
rate proportional to T 16 to T 19 or so. This extreme temperature depend¬ 
ence creates such a steep gradient that convection is promoted in the 
inner cores of the larger stars; in stars as small as the Sun one does not 
expect such a convective inner core. 3 

The convective instability in the envelope just beneath the visible 
surface is due partly to the recombination of ions, especially the very 
abundant IIe ++ , He + , and Ii + , which releases radiant energy into the 
surroundings, and partly to the proximity of this region to the outer low- 
temperature boundary. The magnitude of these effects on the extent of 
the convective region is not precisely known. 4 

The temperature, pressure, and density decline through the interior 
from extremely high values at the center to relatively low values at the 
visible surface. 

2. The photosphere is the apparent surface, actually a relatively thin 
layer from which practically all optical radiation comes. In a region 
several hundred kilometers in thickness, the optical depth r for visible 
radiation increases inward from zero to a large value. Hence the 
emergent radiation contains contributions from many different layers, 
but its intensity is approximately equal to that radiated by the gas at an 
optical depth of unity. (Unit optical depth or thickness corresponds to 
the distance in which the traversing radiation is attenuated by the factor 
1 /e.) At the distance of the Earth from the Sun, a layer of unit optical 
depth seen edge on subtends less than 1 second and therefore appears 
sharp. The continuous spectrum of this radiation is a mean of near 
black-body radiation whose temperature ranges from perhaps 4500 to 
7500°K, weighted according to the contribution of each shell to the 
emergent radiation. At the center of the disk the resulting blended 
spectrum resembles that of a black body near 6000°K. Near the limb, 
along oblique lines of sight where the contribution of the deeper, hotter 
layers is proportionately less, the continuous spectrum corresponds to a 
lower temperature. This is the physical explanation of limb darkening 
and limb reddening. The temperature of a black body that most nearly 
matches the continuous spectrum of sunlight integrated over the whole 
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FIG. 1. The Sun in integrated white light, (a) Two excep¬ 
tionally large sunspot groups and some smaller spots; (/>) limb 
darkening or dimming of solar radiation coming from near the 
apparent edge; and (c) faculac, the regions slightly hotter than 
their surroundings that are most easily visible? near the limb. 
(Courtesy of Ml. Wilson and Palomar Observatories.) 

visible disk is thus somewhat lower (about 5750°K), and this “effective 
temperature” is the one which most logically fits into the effective 
temperature scale for stars, from which with very few exceptions only the 
integrated radiation can be observed. (See Fig. 1 for a photograph of 
the Sun in white light.) 
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Under high resolution, the photosphere is seen to be mottled with 
granules (fig. 2), small areas of the order of 1 or 2 seconds of arc (about 
1000 kin) in diameter, slightly hotter and brighter than their surroundings 
and having a mean lifetime of several minutes. These appear to be 
regions where currents emerge with upward velocities of the order of 
1 km per sec, and the surrounding darker interstices are the regions of 
subsidence. The detailed nature of the granules and of the mechanism 
undei lying them have eluded understanding, chiefly because the turbu- 
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FIG. 2. Solar granules taken on Aug. 17, 1959, with a balloon- 
borne telescope (scale: 1 cm on print = 4600 km on Sun). 
(Cowriesy of Project Slratoscope of Princeton University, spon¬ 
sored by the Office of Naval Research and the National Science 
Foundation.) 
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lence of the Earth’s atmosphere has prevented precise measurements of 
the distribution of granular sizes, velocities, and temperatures. 

Within the past two or three years, the turbulence of the Earth’s 
atmosphere has been eliminated as an obstacle to the achievement of 
high-definition direct photographs of the Sun as a result of the observa¬ 
tions by Schwarzschild from high-altitude balloons. 5 Whereas earlier 
ground-based observations were frequently controversial, because of 
their marginal character, the balloon results seem to establish conclusively 
that (a) the solar granules appear to have a great range of apparent 
diameters, extending from about 300 km or less to about 1800 km; ( b ) 
the granules are strikingly irregular in shape, many of them simulating 
irregular polygons; (c) there is a striking topological asymmetry between 
the brighter-than-average and darker-than-average areas; ( d ) the root- 
mean-square temperature fluctuation is probably not larger than ± 100°. 

The energy that drives the convective currents is undoubtedly derived 
from the region of convective instability just below the photosphere. 
Until recently it was impossible to decide conclusively whether the cells 
are of the stationary Benard type or whether there is present the whole 
spectrum of nonstationary turbulence, right down to the micro turbulence 
thought to be responsible for the more-than-thermal Doppler broadening 
of the Fraunhofer lines. The new observations by Schwarzschild seem to 
leave little doubt, however, that the real situation is intermediate between 
these two extremes and that the character of the solar granulation is most 
closely represented by nonstationary convection. Unfortunately, all 
the observational data required for full theoretical understanding are not 
yet available. In particular, the mean upward velocity of the granules 
and the spectrum of velocities as a function of size are both uncertain. 

The photosphere is also the seat of such solar activity as sunspots and 
faculae (see Fig. 1) and of associated local variable magnetic fields 
(described below under the heading Active Sun and Active Regions). 

3. The chromosphere is a dynamic transition region about 10,000 to 
15,000 km thick, lying between the relatively cool outer layers of the 
photosphere (about 4500°K) and the million-degree corona. It is 
extremely inhomogeneous, and small volumes are far from being in a 
steady state. The light of the chromosphere, when viewed against the 
background of space (as during an eclipse or through a coronagraph), has 
an emission-line spectrum that corresponds more or less to the absorption¬ 
line spectrum of the photosphere. In the extreme lower chromosphere 
the line intensities of the metals indicate for the most part a temperature 
not much different from the upper photosphere, namely, of the order of 
4000 to 5000°K. The intensity of the Balmer continuum and of the 
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Balmer “jump” also points in this direction. On the other hand, certain 
high-excitation lines (He 1-20 ev, He II « 40 ev, etc.) are already 
strongly enhanced only a few hundred kilometers above the photosphere. 
The width of the H and He lines also can be interpreted as resulting from 
higher temperatures. The intensity of the highest-frequency radio 
radiation (X < 1 cm), which originates in the low chromosphere, indicates 
an electron-kinetic temperature of about 8000°K, but the intensity of 
slightly lower frequency radiation, coming from regions just a little higher, 
points to much higher temperatures. 

The normal structure of the chromosphere consists of fairly closely 
packed spicules—small jetlike prominences with lifetimes of the order of 



FIG. 3. Enlarged view of the chromosphere, showing its spieu- 
lar structure. (Courtesy of the Sacramento Peak Observatory, 
Geophysics Research Directorate, AFCRC .) 
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FIG. 4. Temperature distribution in the solar chromosphere 
according to different authors. The logarithm of the electron 
temperature is plotted against the height above the photosphere 
(expressed in kilometers). 

several minutes and upward velocities of the order of 20 km per sec 
whose tops reach a height of roughly 10,000 km (see Fig. 3). The 
appearance of the chromosphere in the light of Ha that arises from this 
structure has been compared to a prairie fire. 

Theoretical astrophysicists have been attempting to construct a coher¬ 
ent model of the chromosphere which explains both the low- and high- 
temperature phenomena, both the optical and radio results. There is 
little uniformity of opinion except perhaps on the following: the chromo¬ 
sphere, especially in the region below 6000 km, is a complex inhomoge¬ 
neous region probably comprising cells of high and low temperature, 
perhaps as different as 30,000 and 4000°; in the upper chromosphere 
(above 6000 km) the temperature rises steadily and rapidly to several 
hundred thousand degrees at the base of the corona. There is no sharp 
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division between the top of the chromosphere and the base of the corona 
since the tops of spicules sometimes project into the corona. 

Figures 4 and 5 show the run of temperature and electron density with 
height according to several recent models of the chromosphere. 6 Some 
of these are based on optical data alone, others on radio data; still others 
represent an attempt to reconcile the two. Present theoretical disagree¬ 
ments about the structure of the chromosphere (which apply equally to 
the corona, discussed in the next section) arise only partly from the 
difficulty of securing data of high resolution, as in the case of the photo¬ 
sphere. In addition to this grave difficulty, there have been two other 
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FIG. 5. The electron density in the chromosphere. The log¬ 
arithm of the electron density expressed in particles per cubic 
centimeter is plotted against the height in kilometers. (From 
University of Michigan Research Institute Report, Nov. 1958.) 
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stumbling blocks. It is intrinsically harder to construct a model for the 
very complex and dynamic outer envelopes than for the relatively simpler 
photosphere. Furthermore, most of the radiation from the photosphere 
is in the visible region of the spectrum and has thus been under detailed 
investigation for some time. By contrast, the most distinctive and, rela¬ 
tive to the photosphere, strongest radiations that emanate from the outer 
envelope are in the extreme short-wave (ultraviolet and X-ray) and long¬ 
wave (radio-frequency) regions of the spectrum. On this account it is 
only very recently that we have begun to accumulate data through the 
new techniques of radio astronomy and rocketry. 

Types of activity associated most closely with the chromosphere (aside 
from the spicules which may be regarded as a feature of the “quiet” 
chromosphere) are plages, flares, and prominences. These phenomena 
are discussed below. It might be noted in passing that the association 
of these active regions with the chromosphere is based in part upon 
their spectral characteristics rather than on their location, since most 
prominences actually project into the corona whereas flares may occur 
in the upper photosphere as well as in the chromosphere. 

4. The corona (see Fig. 6) is the very tenuous outer atmosphere of the 
Sun, which can be traced out into space for a distance of several solar 
radii. In it the electron density is believed to fall from about 10 9 per 
cubic centimeter at the base to interplanetary values (up to 10 2 per cubic 
centimeter) at the outside. The intensity of coronal light is approxi¬ 
mately 10~ 6 of the total sunlight, and most of this is continuous radiation 
from the photosphere scattered by electrons, as shown by its color and 
radial polarization. Most of the Sun’s X radiation originates in the 
corona and in certain active regions of the chromosphere. A number of 
phenomena concur in indicating that the kinetic temperature of the 
corona is of the order of 10 fiO K. Among these phenomena are (a) the 
appearance of the forbidden emission lines of multiply ionized Fe, Ni, 
and Ca, requiring several hundred electron volts for their excitation; 
(b) the complete washing out of the Fraunhofer lines in the scattered 
photospheric spectrum by the high thermal velocities of the scattering 
electrons; (c) the temperature deduced from radio-frequency radiation in 
this region; ( d ) the low-density gradient or large scale height of the 
corona, if it is assumed to be in approximate hydrostatic equilibrium 
with the Sun’s gravitational field. 

The corona is only very approximately spherically symmetrical. 
Actually, it exhibits a considerable amount of both regular and irregular 
structure. The regular structure goes through a cycle in phase with the 
11-year activity cycle: at sunspot minimum the corona shows broad 
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FIG. 6. J he solar corona photographed at the total eclipse of 
Juno 8, 1918. The streamers at the North and South Poles 
strongly suggest the presence of a general magnetic field. 
{Courtesy of Mt. Wilson and Paiotnar Observatories.) 


extensions above the equatorial region and fine striated streamers 
fanning out from each pole, while at sunspot maximum the structure 
is more nearly the same over equator and pole, with the polar streamers 
much less pronounced. The corona also shows localized inhomogeneities, 
e.g., regions of greater radio opacity when occulting radio stars, “hot 
spots” over regions of obvious activity in the chromosphere, etc. Some 
of these features are more properly associated with the active Sun. The 
two sorts of active regions, as indicated by strong line emission and 
strong radio noise, respectively, are by no means identical. There is 
some evidence, chiefly from radio observations, that the outer corona is a 
relatively loose collection of clouds of highly ionized gas. 
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1.3 Magnetic Fields in the Quiet Sun 

There remains the general question of the Sun’s magnetic field, which 
is not definitely associated with any particular one of the four separate 
concentric regions discussed above. The polar streamers in the solar 
corona seem to require the presence of a permanent general dipole field, 
although its strength need be only a small fraction of a gauss. Hale’s 7 
early attempts to measure the Sun’s magnetic field, using the Zeeman 
effect in the Fraunhofer lines, led to conflicting results, which have only 
been resolved in the last few years. All the more recent investigations, 
especially those of the Babcocks, 8 with their much more sensitive photo¬ 
electric scanning equipment, have agreed in showing that the general 
field is of the order of 1 gauss (see also Thiessen, 9 Kiepenheuer, 10 and 
von K1 fiber 11 ). The Babcocks show that the general dipole magnetic 
field merges at medium heliographic latitudes into a toroidal field whose 
pattern is masked, especially during active phases, by the much stronger 
local temporary fields which are possibly derived from the toroidal field. 
The Babcocks have shown the existence of localized bipolar and unipolar 
I fields of several gauss lasting from days to months, the strongest of which 
are associated with faculae (see below). Their earlier technique, though 
sensitive to 0.2 gauss, integrated the line-of-sight component of the field 
over the slit, which corresponds to a strip of the Sun’s surface about 
50,000 km long, so that the values represented the average of considerably 
stronger fields of even finer structure. This structure was later revealed 
when the technique was further refined to a resolving power of 5 seconds. 12 
As is well known, the field in a large sunspot may reach a value higher 
than 3000 gauss. 

Although these strong local fields apparently do not persist to high 
latitudes, and thus do not interfere there with the detection of a general 
dipole field, the observational difficulties become worse near the poles 
because the line-of-sight component of the field approximately normal 
to the surface approaches zero. 

In a recent paper, H. D. Babcock 13 reports that the dipole field has 
reversed polarity since 1956, which indicates that the Sun is magnetically 
less rigid than some theories have indicated. 

Looking ahead a moment, we know enough about the behavior of 
solar activity to say positively that any theory which claims to explain 
such things as coronal and chromospheric heating, the support of 
prominences, the generation of flares, the production of sunspots, together 
with the cyclical nature of solar activity, must take account of the 
presence of magnetic fields. The liberation of energy by a flare provides 
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.1 good example ot t.he crucial role played by magnetic fields in the origin 
ol solar phenomena. The energy liberated ner unit j 8 

typical flare is frequently greater by more than a factor of lO tha^the 
combined thermal and turbulent energy of the gas, which is no more 

•itedwith .ffihl T'l °ra the 0ther hand ’ the ma « neti <= energy associ- 
akd with a, field ot only 50 gauss is 100 ergs per cm 3 . 

1.4 Active Sun and Active Regions 

Although sunspots and the 11-year sunspot cycle are familiar phe- 
iiomcna, they are only one manifestation of disturbance on the photo¬ 
sphere ol the Sun. Furthermore, disturbances are not limited to the 
p mtospheie but occur in the whole visible part of the Sun, and cer¬ 
tainly in parts of the interior as well (see Figs. 1 and 7). The principal 
typos ot disturbance may be listed as follows. 

1. Sunspots and Sunspot Groups. These regions, some 1000 or 1500° 
cooler than the surrounding photosphere, range in size from inter¬ 
granular dark spots to areas nearly 100,000 km in diameter. The mean 
h to tune us correlated with size, and is of the order of several months for 
t. 10 largest spot groups. They have strong magnetic fields, mostly 
perpendicular to the surface, with intensities up to several thousand 
gauss lor the largest spots. They very frequently occur in pairs of 
opposite magnetic polarity but, even when single, are normally associated 
with bipolar fields, as described by the Babcocks. The fields develop 
slightly before the visible spot and persist much longer, after the spot 
itscli has decayed. I he circulation of material in the neighborhood of a 
spot is inward toward the center in the higher layers (chromosphere) 
and outward in the lower layers (photosphere), with almost no suggestion 
of rotation around the spot. ° 

Spots and spot groups hardly ever occur at heliographic latitudes 
highoi than >15 to 40 —■ near this limit at the beginning of an 11-year 
cycle (as marked by a minimum of activity) but near the solar equator 
toward the end. Individual spots and groups tend to drift relative to 
their surroundings during the course of their lifetimes, mainly in longitude. 
Spots in the two hemispheres tend to have opposite magnetic polarity, 
and the polarity reverses in alternate 11-year cycles. 

2. Faculae or Plages. These are areas somewhat brighter than their 
surroundings, much larger than granules, frequently visible in continuous 
radiation, but more conspicuous and showing a more detailed pattern 
in monochromatic light. They occur up to much higher latitudes than 
spots and cover about 10 per cent of the Sun’s disk (time average). All 
spots and spot groups are surrounded by plages, which as a rule survive 
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FIG!; 7. A speet.roh eliogram taken in the light of Ha (hydrogen). 
It shows sunspots, plages (regions brighter than their surround¬ 
ings in monochromatic light found frequently near spots), fila¬ 
ments (narrow dark structures, which are prominences seen in 
silhouette), and flocculi (wormy fine structure). (Courtesy of 
Mt. Wilson and Palomar Observatories.) 

much longer than the spot. Plages, always associated with magnetic 
fields, may be expected to occur if the average value of the field over an 
extended area is more than 2 gauss or locally more than about 20 gauss. 14 ' 15 

3. Prominences. These look roughly like projections of the chromo¬ 
sphere into the corona. They take many forms and follow many 
patterns of development. 

Many prominences are associated with the disturbed areas around 
sunspots. Those in middle to high heliographic latitudes are not so 
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associated, but they nevertheless behave as if governed by local magnetic 
fields and follow an 11-year cycle of activity. 

The typical large prominence (if any may be called typical) is a region 
of the order of IQ 5 km in its longest dimension—an appreciable fraction 
of the solar radius and somewhat cooler, denser, and more opaque than 
the surrounding coronal material in which it is embedded. The typical 
large prominence has a lifetime of the order of several weeks; during this 
interval it may disappear suddenly and apparently catastrophically; it 
may then sometimes reappear in practically the same place with the 
same form. This may happen several times. 

The prominences seem to be shaped by the magnetic lines of force 
in rather localized and moderately persistent fields; the photographs 
with the best resolution show a fibrous or webby fine structure. The 
stable filamentary prominences appear to be supported in “hammocks” 
of magnetic lines (see paragraph 4 below). 16 The velocity of the material 
in an active prominence is frequently of the order of hundreds of kilome¬ 
ters per second, and in about 50 per cent of the cases the motion is along 
paths that resemble lines of force. Ordinary prominences are smaller 
and shorter-lived or take other less active forms. 

4. Filaments and Flocculi. Thin or blade-shaped prominences, when 
they appear dark against the solar disk in monochromatic photographs 
(spectrohcliograms), are sometimes called “filaments.” This separate 
designation survives from the day when it was not realized that fila¬ 
ments and prominences are simply two aspects df the same phenomenon.’ 
In particular, filaments are the projection, as Viewed from above, of 
quite stable prominences lying across the lines on force at the top of an 
arch connecting two magnetic regions of opposite polarity. Flocculi, 
small wormy-looking details that show up bright or dark in spectro- 
heliograms, may perhaps be regarded as small short filaments, i.e., 
projections of small prominencelike structures. Some astronomers have 
tentatively identified them as spicules seen in projection. Without 
necessarily being identical with the spicules, flocculi are possibly the 
monochromatic indication of the presence of the hypothetical small hot 
and cool regions that seem required to explain the chromospheric 
structure. It seems more likely, however, that the very finest structure 
in spectroheliograms — finer than flocculi—correspond to the spicules 
and that these mo tilings are the objects to be identified with either the 
hot or cool regions. 


5. Flares. These are catastrophic disturbances whose sudden onset 
and more gradual decay usually takes less than an hour (see Fig. 8). 
The spectrum of a flare in the visible region consists chiefly of strong 





322 


FIG. 8. From left to right, the development of a solar flare. The first picture is a direct white-light photo¬ 
graph of a sunspot group; the mottling of the apparent surface is due to granules. The next two pictures 
were taken in the monochromatic light of Ha, 11 and 22 min later, respectively. Besides the conspicuously 
bright flare, they show filaments (the conspicuous dark strips) and flocculi (very small wormy-looking 
details). (Courtesy of Mt. Wilson and Palomar Observatories.) 
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emission lines with occasionally a weak continuum. Rocket observa¬ 
tions ot the whole Sun during flares have shown greatly enhanced X radi¬ 
ation, which presumably originates in the flare. 

The latest series of measurements by Chubb, Friedman, and Kreplin 16 
were carried out from July 14 to Sept. 1, 1959, and yielded highly 
spectacular results. In the early phases of large flares, X rays with 
energies as high as 70 kev were detected, and in each of three large flares 
the emission persisted for the full 6 min that the rockets remained above 
the height of 45 km to which the hardest X rays penetrated. From the 
spectral distribution of the X-ray flux, a collection of thermal sources is 
inferred which would require local temperatures of the order of 100 million 
degrees Kelvin in the solar atmosphere. 

It is to be expected that ultraviolet emission lines (e.g., Lyman-a) will 
also be strongly pnhanced in a flare. However, rocket observations of 
Lyman-a radiation from the entire Sun are not conclusive; this follows 
from the fact that the area of a large flare is only 10 4 times that of the 
Sun, so that enhancement in the flare by a factor of 10 3 would result in 
only a 10 per cent increase in the integrated intensity. Under these 
circumstances it is remarkable that the total X-ray flux during a Class 
2+ flare was roughly twice the quiet Sun value. 

Strong flares are nearly always accompanied by a strong increase in 
radio noise. Another characteristic of the flare is its correlation with 
sudden ionospheric disturbances (SIDs), a consequence of the great 
increase of ionization in the D layer (50 to 100 km up) instantly upon 
the arrival of the enormously enhanced X radiation. These events are 
frequently followed within 15 to 50 hr by streams of charged particles, 
probably chiefly protons and electrons. According to the recent work 
of Van Allen (see Chap. 15), the solar stream perturbs the Earth's 
magnetic field and allows the particles trapped in the outer belt to 
stream down toward the ground at geomagnetic latitudes ±70°, thus 
causing the aurorae. The solar stream simultaneously replenishes the 
outer belt. The accompanying disturbance to communications of the 
currents induced by the geomagnetic storms has pushed efforts to 
predict the magnitude and nature of these storms from the size and 
position of flares, but with only moderate success. The enhanced 
radio noise is undoubtedly connected with the passage of the charged 
particle stream through the ionized outer envelope of the Sun. 

Flares occur only in active regions occupied by plages, usually near 
sunspots. They frequently break out near the boundary between two 
strong, opposing spot-connected fields where the local field intensity is 
close to zero. The detailed mechanism is not clear, although the abrupt- 
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ness of their onset has suggested that they are sudden electric dis¬ 
charges. Various theories have been advanced, based on a variety of 
ideas such as the local building up of charge density, magnetic pinch 
effects, local changes in conductivity, the rate of change of the magnetic 
flux, etc. 

6. “Hot Spots These are regions in the corona from which the 
emission lines of multiply ionized iron, etc., are particularly strong. They 
are transitory and seem to be closely correlated in position with obviously 
disturbed regions in the photosphere. 

7. Variable Radio-frequency Radiation. Radio-frequency radiation 
from the Sun is characterized by its great diversity in frequency and time. 
The following is a description of these events by Wild. 17 


The Sun is the only individual star yet detected at radio wavelengths. The 
observed emission originates entirely in the ionized solar atmosphere where the 
concentration of free electrons is sufficient to reflect and absorb radio waves. 
At any one frequency the radiation that escapes from the Sun originates outside 
the critical surface at which the electron density reduces the refractive index 
to zero. At short (centimeter and decimeter) wavelengths, radiation can 
escape from the innermost shell of the atmosphere—the solar chromosphere; 
at long (meter) wavelengths the region of origin is restricted to the more 
tenuous solar corona. 

The intensity of the solar radio emission varies with time. The minimum 
level of intensity is due to thermal radiation. The spectrum and disk distribu¬ 
tion of the thermal emission gives data on the temperature and electron-density 
distribution of the solar atmosphere. The radio observations have confirmed 
that the coronal temperature is about 10 G °K and provide one of the best known 
methods of studying chromospheric temperatures (~10 4 °K) and densities. 
At centimeter wavelengths the radiation originates mainly in the chromosphere. 

The variable components of the radiation are associated with sunspots and 
other solar activity. Their characteristics are complex and depend on the 
wavelength. 

At meter wavelengths, enhancements may exceed the thermal level by a 
factor of 10 4 or more. In this range three components have been recognized by 
their temporal and spectral characteristics: 

(i) Radio “noisestorms/’of unknown origin, lasting for hours or days, during 
which the level shows a series of bursts of seconds’ duration superimposed on a 
more slowly varying background. The bursts (“type I”) are of narrow band¬ 
width (^5 Mc/sec), and the background is a broader continuum. The storms 
originate in localized regions above large sunspots, but occur only during 
restricted periods in the lifetime of a spot. The onset of a storm frequently 
occurs up to half an hour after a solar eruption for which the principal optical 
manifestation is a solar flare. The radiation is strongly circularly polarized, 
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indicating that the magnetic fields of sunspots influence its generation or 
propagation. 

(ii) Intense “outbursts” of radio emission, lasting for some minutes and 
fluctuating violently. These correlate closely with flares. Their radio spec¬ 
trum (“type II”) shows narrow peaks which gradually drift in frequency toward 
the lower frequencies. They originate from localized regions, initially approxi¬ 
mately above the optical flare; if the active region is displaced from the center 
of the disk, the source is observed to move gradually toward and even beyond 
the limb. The spectral and directional drifts both indicate a source which 
travels outward through the solar atmosphere at velocities of the order of 
1000 km/sec. On the basis of this velocity the sources have been tentatively 
identified with the corpuscular streams that geophysicists have postulated to 
account for the onset of aurorae and terrestrial magnetic storms about one 
day after the flares. The mechanism of radio-energy production is not under¬ 
stood. A clue is given, however, by the spectrum which sometimes shows 
intense narrow peaks which are duplicated at second-harmonic frequencies. 
Ihis and other evidence point to a mechanism involving gross oscillations of 
charge at the natural (“plasma”) frequency of the emitting region. 

(iii) Intense short-lived bursts, lasting a few seconds, whose frequency of 
maximum intensity drifts rapidly from high to low frequencies. Groups of 
them occur near the start of some solar flares and spasmodically at other times 
of solar activity. Their rapid frequency-drift indicates a source traveling out¬ 
ward with velocities up to 10 6 km/sec (c/3). It has been suggested that 
corpuscular streams of this velocity could be the causal link between solar 
flares and the increases in cosmic-ray intensity which occasionally follow the 
flares after a delay of about one hour. There is evidence that the fast (type III) 
streams and slow (type II) streams are ejected simultaneously, at the start of 
a, flare, from a common source low in the solar atmosphere. 

At centimeter and decimeter wavelengths, the enhancements are much 
smaller and smoother, rarely exceeding the thermal level by a factor of more 
than two. Two components have been recognized: 

(i) The “slowly varying component,” believed to originate in thermal radia¬ 
tion from localized regions of abnormally high density and temperature 
(~ 1 () 7 °K) above active centers. The radio emission occurs throughout, and 
often beyond, the life of the visible spot, and the component shows a high 
statistical correlation with sunspot area. 

(ii) Disturbances (the high-frequency component of “ outbursts”) which start 
at the beginning of solar flares and last for some minutes. Two phenomena 
may he present: a sudden burstlike feature near the start of the flare, super¬ 
posed on a more gradual rise and fall. Some, at least, are localized within 
the active regions. Their mechanism is unknown. 

At millimeter wavelengths, the character of the emissions resembles more 
closely the character of the optical radiation. The intensity corresponds to a 
stable source of temperature about 1() 4 °K with occasional slight increases at 
the time of large flares. 
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After the above was written, two new types of radio emission were 
identified and labeled types IV and V. These occur shortly after type II 
and type III burst events, respectively. The type IV event endures for 
one-half to several hours, the type V for only seconds or a few minutes. 
Both are broad-band, steady continuum radiation and devoid of type I 
bursts. It is believed that type IV and V radiation is generated by elec¬ 
trons at relativistic energies, accelerated in solar magnetic fields (syn¬ 
chrotron radiation). There is evidence that many of the bursts at centi¬ 
meter wavelengths are types IV and V. 

8. Variable Magnetic Fields. Magnetic fields have been discussed 
in connection with the general field of the Sun, sunspots, faculae, prom¬ 
inences, and flares. Weak, local, irregular magnetic fields are apparently 
always present on the face of the Sun. Those considerably stronger fields 
that are found in association with active phenomena (flares, spots, etc.) 
differ from the weakest fields only in degree. Furthermore, we can safely 
say that whenever there is an active phenomenon, it will be accompanied 
by a strong field, and whenever there is a strong field (of possibly a particu¬ 
lar shape) there will be other manifestations of activity. Since the fields 
develop before and persist after the active phenomena, it seems certain 
that the fields are the controlling factor, and it is here that we must look 
for the specific underlying mechanisms of solar activity. 

1.5 Review of Unsolved Problems and Broad Lines of Attack 

Before proceeding to list some of the chief unsolved problems of solar 
astrophysics, we shall first review the ways in which space experiments 
can serve to advance their solution. The use of artificial satellites and 
probes confers advantages that can be classified as follows: 

a. Observation and interpretation of the full electromagnetic spectrum 
of radiation received from extraterrestrial sources. Outside the Earth’s 
atmosphere the cutoff on the low-frequency side would be determined by 
the density of the electrons in the interplanetary medium; this cutoff is 
expected to be in the neighborhood of 100 kc. There are also good reasons 
to expect that gamma rays with energies up to 200 to 300 Mev will be 
received. The total spectral range from 100 kc to 300 Mev (frequency 
^10 23 cps) thus consists of about 18 decades in frequency, as compared 
with the 5 decades or so we now receive through the two windows in our 
otherwise opaque atmosphere. 

Observations taking advantage of this expanded range are in effect 
extensions of classical techniques, and we shall be concerned almost 
exclusively with this category for the advancement of solar physics. 



THE SUN 


327 


The next two categories are new departures made uniquely possible by 
the satellite or probe. 

b. Investigation of physical conditions in accessible regions by direct 
exploration with space probes carrying thermometers, particle counters, 
radiation detectors, analyzers, sample collectors, etc. 

c. Controlled experiments in celestial mechanics. (The principal 
applications of this type of experiment are in the fields of relativity, 
gravity, and geodesy; see Chaps. 3 and 5.) 

For completeness, one may add two more advantages closely related 
to but distinct from category a above: elimination of the bright back¬ 
ground of radiation scattered (sunlight, etc.) or emitted by our own 
atmosphere (airglow), which, in the case of the Sun, masks the corona; 
elimination of the scintillation and image distortion (poor seeing) caused 
by the optical inhomogeneity of our atmosphere, which obliterates fine 
detail. 

Some of the obstacles to observation originate chiefly in the lower 
atmosphere and can be largely overcome at balloon altitudes (poor seeing, 
scattered light, some infrared absorption). Thus experiments that 
depend exclusively on an improvement in the resolution of details need 
not absolutely be conducted from satellites, unless it is also desirable to 
take advantage of the superior theoretical resolving power of ultraviolet 
radiation. 

These matters are discussed somewhat more fully in Chap. 18. 

In the following summary, the listing of outstanding problems goes 
more or less from the inside out (photosphere-chromosphere-corona) 
but without any serious attempt to assign a definite location, for most of 
the phenomena are interconnected and transcend the somewhat arbitrary 
boundaries of the regions. Experiments of categories a and b will sug¬ 
gest themselves automatically to the reader. 

1. Granules. The granules are certainly the tops of convective cells 
emerging through the photosphere from the convectively unstable layer 
immediately below. It was pointed out earlier that the recent balloon 
observations of Schwarzsehild 6 show that the true character of the solar 
granulation strikingly resembles the pattern associated with nonstation¬ 
ary convection. However, if one calculates the Rayleigh number appro¬ 
priate to the bottom of the solar photosphere, one finds that it exceeds 
the critical value by five powers of ten and therefore the solar granulation 
should on this basis be an entirely random phenomenon. The fact that 
the observed granules have a pronounced cellular structure and a bright- 
dark asymmetry has not yet been explained by theory. Much additional 
information remains to be secured before the problem of the granulation 
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will be completely solved, especially information on the distribution of 
the granules with respect to velocities and magnetic fields. It is probable 
that this information is more likely to be forthcoming in the near future 
from balloons than from satellites. Such investigations will obviously 
require a high degree of stability in directional control of the equipment. 

2. Flares. The mechanism of their sudden onset and development and 
the acceleration of the high-velocity particle streams require explanation. 
Various theoretically possible interactions between the fairly strong local 
magnetic fields and the matter in which they are embedded have been 
suggested. What is needed is a detailed time sequence of the magnetic 
fields—their strength, polarity, direction, and rate of change with time— 
in the regions of near-zero longitudinal field intensity where flares have a 
tendency to break out. It is possible that measures with sufficient detail 
can be secured from the ground or balloon telescopes. But a parallel 
time sequence of ultraviolet and X-ray spectra and of detailed spectro- 
heliograms necessary to supply data on excitation temperatures and elec¬ 
tron density can be secured only from satellites. 

3. Sunspots. Since many of the aspects of the sunspot phenomenon 
can be and have been studied in visible radiation, the difficulty here, more 
than in other cases, is one of theoretical interpretation: How is the sun¬ 
spot cooled? Is the gas pressure reduced because part of the load has 
been taken over by the magnetic pressure? Or is the cooling due to a 
forced expansion of a rising gas column whose ionized elements spread out 
when following the diverging lines of force? On the other hand, there is 
no clear-cut evidence that the gas column is really rising. This last is 
not a theoretical but an observational difficulty, which might be resolved 
by data of higher resolution or deduced from radiation from a greater 
variety of optical depths, either of which would indicate the mode of 
vertical circulation inside a spot. 

4. Chromospheric Structure. What is the structure of the chromo¬ 
sphere? In particular, what is the explanation for the simultaneous 
appearance of spectral features indicating temperatures ranging from 
about 4500° to 30,000°K? Can we verify the suggestion that it is a highly 
inhomogeneous mixture of cells of hot and cool gases? 

What is the nature of the spicules? Are they either the hot or the 
cool elements in the suggested chromospheric structure? How are they 
related to the other features, like granules and flocculi? High-resolution 
spectra and spectroheliograms in the extreme ultraviolet and the milli¬ 
meter-wave radio regions would help to decipher these questions, from 
which one might evolve a comprehensive and coherent theory of magneto¬ 
hydrodynamic turbulence applicable to these phenomena. This type 
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of investigation would require a high degree of stability and control of 
the satellite vehicle. 

5. Temperature Gradient. What is the nature of the sharp rise in 
kinetic temperature from about 4500°K in the upper photosphere to about 
1,000,000°K in the quiet corona? Here we might look at three of the 
competing mechanisms without considering their present apparent merits 
or their relative contribution: (a) The turbulent energy of granules, 
spicules, etc., in the photosphere and lower chromosphere is dissipated 
by acoustic waves into thermal energy in the upper chromosphere through 
shock-wave heating. ( b ) As strong magnetic fields decay, their energy 
is devoted to the acceleration of charged particles in great quantities; 
this kinetic energy is in turn dissipated into heat, (c) The kinetic 
energy of interstellar matter falling into the Sun is dissipated by collisions 
into heat. Probably the first two of these processes, and possibly the 
third, are all going on with various degrees of effectiveness. 

It is difficult to decide the relative merits of these theories or the rela¬ 
tive importance of the contribution of each mechanism on the basis of 
heating effects alone. On the other hand, certain attendant phenomena 
other than heating would be different. For example, theory a calls for 
a spectrum of turbulent velocities which would vary with height in a 
regular way; theory h requires certain patterns of fluctuating electro¬ 
magnetic fields; theory a demands a fairly dense cloud of infalling particles 
around or near the Sun. These effects should all be observable in the 
foreseeable future with space techniques. 

G. Coronal Structure . In view of the observed dumpiness in the 
corona, what is its detailed fine structure (electron density, magnetic 
fields, temperature, particle streams, etc.) ? To what extent is this fine 
structure related to phenomena in the chromosphere or to possible or 
hypothetical events on the outside (e.g., particle infall) ? 

In regard to radio observation of the corona, the chief advantage of 
space experiments will lie in the ability to reach spectral regions below 
20 Me or so, now cut off by our ionosphere. This region of very low 
frequency is of particular interest, in that radiation here corresponds to 
plasma oscillations originating in clouds of very low electron density. 

Finally, the mapping of “hot spots,” which seem to exist even in the 
quiet corona, by extreme ultraviolet and X-ray spectroscopy, and the 
detailed study of the emission lines and continua of the highly ionized 
atoms in these localized regions would go a long way toward producing a 
satisfactory model of the corona. Furthermore, with the help of an 
occulting disk, it might be possible to secure by time-lapse photography a 
movie of the mass motions in the outer corona in the light of one of the 
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strong resonance emission lines, similar to what has been done at Sacra¬ 
mento Peak for the inner corona with the visible forbidden line (Fe XIV) 
A5303. A coronagraph would be useful down to about 1800 A, but for 
shorter wavelengths the Sun’s continuum is too weak to be troublesome. 

7. Magnetic Fields. The evidence that local magnetic fields, some¬ 
times of considerable strength, play a part in various phenomena has 
already been noted, e.g., in the generation of sunspots, plages, and flares, 
in prominence support, coronal structure, etc. It is no exaggeration to 
say that the relation of these local fields to the phenomena, on the one 
hand, and to the weaker general magnetic field of the Sun, on the other, 
together constitute the central problem. 

The clarification of the relation of the fields to the phenomena really 
requires detailed measures of field strength in the specific features, e.g., 
in the specific flare or coronal streamer. These measurements are per¬ 
haps no more easily performed with the help of a satellite than by more 
conventional methods, except in so far as it is possible to isolate some 
particular short-wavelength radiation coming only from a given source. 
The relation of the local fields to the general field, however, and origin of 
the general field itself are largely theoretical problems, although one 
may still hope that the detailed treatment of interactions between fields 
and phenomena will provide fresh insights leading to a more satisfactory 
and comprehensive magnetohydrodynamic theory of solar activity. 

2. OUTLINE OF INVESTIGATIONS 

Although many references to specific instrumentation are made in the 
rest of this chapter, several lines of instrumental development which need 
considerable attention are noted at this point: (1) new types of detectors 
in the extreme ultraviolet and X-ray regions; (2) new types of detectors 
in the infrared and millimeter-wave regions; (3) a search for new materials 
with high reflectivity in the far ultraviolet and X-ray regions, for use in 
optical systems working in this area; (4) stabilization and control of an 
orbiting platform, to achieve the pointing accuracy necessary to realize 
the optical resolution of images theoretically attainable outside the 
Earth’s atmosphere; (5) coding and transmission of large quantities of 
information (e.g., the amount in one detailed spectroheliogram). 

2.1 The Solar Spectrum 

1. Ultraviolet Emission Spectra. The ultraviolet emission spectrum has 
been photographed from rockets. Rense 18 has succeeded in reaching a 
short-wavelength limit of 84 A, with a grazing-incidence spectrograph, 
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and Tousey et al. have secured many excellent normal-incidence spectra 
reaching below 600 A. Hintereggm-’s 20 technique has been to scan the 
ultraviolet spectrum to about 200 A with a tungsten-cathode photomulti¬ 
plier and to telemeter back the information (see Chap. 18). This tech¬ 
nique is a promising one for satellites if the wear problems associated with 
mechanical motion for prolonged periods in vacuum can be solved. 

radiation has been observed in the wavelength range of about 10 to 
50 A. The spectral region intermediate between X rays and ultraviolet 
is still unknown, although progress in closing this gap has been encourag¬ 
ing. Further reconnaissance of this region of the spectrum by photog¬ 
raphy from rockets is urgently needed in order to plan sensibly for satel¬ 
lite experiments, from which the most significant results will be derived. 
1 he development of an X-ray telescope or other imaging device is also of 
vital importance. 

Rocket photographs have shown that the continuous spectrum radiated 
by the solar photosphere diminishes very rapidly in intensity with 
decreasing ultraviolet wavelength, as would be expected from a black 
body with a temperature of about 5000°, and that below X1700 the spec¬ 
trum consists almost entirely of emission lines radiated by the solar 
chromosphere. 


Fhe ultraviolet spectrum on the longward side of 1000 A contains the 
resonance lines of many elements, most of which are known or believed 
to occur in the burr, but whose abundances are not well determined 
because the existing data are based on weak absorption lines representing 
transitions between two states of moderately high excitation, or because 
lines are entirely absent in the visible spectrum. Examples are C, N, O; 
the inert gases Ne, A, Kr, Xe, Rn; the halogens; As, Se, Tl, etc. 

Since the temperature of the solar chromosphere increases with height 
from 5000 to about 1 million degrees and since, on the average, lines 
of high ionization occur at shorter wavelengths than do those of low 
ionization, the emission lines at short wavelengths will tend to originate 
higher in the atmosphere than those of longer wavelengths. In addition 
to the resonance emission lines of hydrogen, helium, and other abundant 
elements in various stages of ionization, the spectral region 100 to 1000 X. 
contains the bound-free continua associated with neutral hydrogen and 
with neutral and ionized helium. The relative intensities of these lines 
and continua should make possible a critical evaluation of the physical 
conditions in the chromosphere. For an unambiguous determination of 
the temperature gradient, the spectrum should be observed at various 
points along a solar radius, and this requires very high precision in point- 
ing, which can probably only be achieved with a stabilized platform. 
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The intensities in the ultraviolet-emission spectrum will undoubtedly be 
highly sensitive to local physical conditions in the solar atmosphere. 
Hence such a program should include the recording of the spectra of solar 
flares and of other local disturbances in the solar atmosphere. 

One of the most important experiments in the ultraviolet is one 
designed to measure and record the peak intensity of the solar Lyman-a 
line during each revolution of a satellite and also to measure the detailed 
variations in the intensity when the satellite is within range of a telemetry 
station. Early versions of this experiment have already been carried out 
by H. Friedman and his colleagues. The first flight, aboard Explorer VII, 
achieved only marginal success because of interference from the corpuscu¬ 
lar radiation in the Van Allen belts. In a later version, piggy-backed 
with the Transit satellite, this interference has been eliminated by mag¬ 
netic shielding which deflects all electrons up to several Mev. Results 
from the first few months of observation show that Lyman-a is remarkably 
stable during disturbances such as solar flares. By contrast, solar 
X-ray emission, which is also being measured, is extremely sensitive to 
solar activity. 

With the rapid increase in weight and telemetry capabilities, a second- 
generation Lyman-a experiment should be possible in the near future. 
For this, and for possibly other frequencies, it would be desirable to moni¬ 
tor the intensity of the radiation continuously and in detail. Lyman-a 
observations during the “flash” phase of a major flare are especially 
important. 

2. X Rays. We have seen that the temperature of the solar corona is of 
the order of a million degrees. From the observation of forbidden lines 
in the visible region of the spectrum, it is known that metallic atoms such 
as iron, calcium, and nickel are very highly ionized (Fe X-XV, Mi XII 
XVI, Ca XII-XV, etc.). The resonance lines of these ions occur chiefly 
in the spectral region below 50 A. Efforts are being made to develop 
spectroscopic instrumentation with sufficient power to resolve these indi¬ 
vidual lines, for example, by grazing-incidence techniques. Friedman 
and his co-workers are working on a system using a proportional counter 

o 

and pulse analyzer to resolve the X-ray region below 10 A. It is hoped 
that the resolution will be sufficient to separate the groupings of emission 
lines, particularly in solar flares. Otherwise, the X-ray flux within wave¬ 
length bands a few angstroms wide should be monitored concurrently 
with ultraviolet observations. 

Low-resolution broad-band synoptic surveys in the X-ray and ultra¬ 
violet regions, employing a technique developed also by the Friedman 
group, are an almost immediate possibility. This technique consists of 
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combining a given gas in a detector with a thin-film window of a given 
metal; a suitable combination of gas and metal provides pass bands of 
different locations and widths. Friedman is currently extending develop¬ 
ments of this kind of detector to “free-flow” ionization chambers, (i.e., 
gas not contained in a tube) through which various gases with various 
ionization limits can be flowed to control the long-wavelength threshold 
of the passband. 

Continuous monitoring of Lyman-a has already been mentioned. 
Monitoring of certain other frequencies is equally important to provide 
a mass of time-based data for investigating Sun-Earth relationships. 
Friedman has already gathered evidence that a high correlation exists 
between the X radiation emitted from solar flares and sudden D-layer 
ionization. Similarly, it is possible that there is a connection between 
the variable solar emission in the frequency range of the ozone bands 
and the marked temperature excursions in the ozone region of the 
Earth's atmosphere. This upset of the energy balance probably has in 
turn a second-generation effect on winds and weather. Obviously, 
continuous monitoring over a period of something like a year in these 
two wavelength regions will be extremely valuable in unraveling the 
suspected Sun-Earth correlations. 

The monitoring of solar corpuscular radiation is treated in Chapter 13. 

3. Line Profiles. Purcell and Tousey 21 achieved a very important 
advance during 1959 in the successful photography of the profile of 
Lyman-a with a resolving power of about 0.05 A. The profile revealed 
a deep, narrow core of absorption which is believed to be produced by 
neutral hydrogen in the outer fringes of the Earth’s atmosphere, the 
so-called geocorona. The experiment was carried out with a spectrograph 
having a resolving power of 40,000. Friedman hopes to obtain even higher 
resolving power (0.02 A) by photographing the thirteenth-order image 
of Lyman-c* formed by a concave grating, a procedure which has already 
been tested in the laboratory. A satellite version of the Lyman-a-profile 
experiment is being planned by Reuse, who plans to use an echelle 
grating for this purpose. The variations in the intensity and shape of 
the solar Lyman-a profile as well as the temporal changes that may occur 
in the central absorption core lend very great importance to this experi¬ 
ment. Profile measurements from satellites are probably also immedi¬ 
ately practicable for other strong lines and for weak lines of the very 
light elements, whose Doppler widths are relatively large. 

4. The Solar-energy Curve. Observations from the ground of the solar- 
energy curve and of the monochromatic limb darkening have provided 
the observational basis for present knowledge of the structure of the 
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solar photosphere, including temperature and pressure gradients and 
the continuous opacity. Extension of such observations both to ultra¬ 
violet and infrared wavelengths would lead to improvement of existing 
solar photospheric models, especially in the higher layers where knowl¬ 
edge is incomplete, and would also result in precise determination of the 
solar constant. 

Continuous monitoring of the total solar output to detect short-term 
changes in the solar constant, if any, would be of obvious value. 

2.2 Ultraviolet and X-ray Spectroheliograms 

Spectroheliograms, or monochromatic photographs of the Sun, made 
from the surface of the Earth in the line radiations of ionized calcium 
(H and K lines) and of hydrogen (Ha) have revealed a great variety of 
transient disturbances in the solar atmosphere. The most spectacular 
of these disturbances is the solar flare. The physical nature of a solar 
flare can best be studied through its spectrum, but the circumstances of 
its origin and development in relation to other kinds of activity can best 
be investigated from spectroheliograms. The most significant ultra¬ 
violet lines for this purpose would be Lyman-a of neutral hydrogen at 
X1216, X584 of He I, and X304 of He II. If possible, solar images in these 
three lines should be recorded simultaneously. For studies of the 
development of solar activity, an initial angular resolution of about 1 
minute of arc would be sufficient. 

Tousey’s group 22 has recently flown a rocket camera which secured 
some Lyman-a spectroheliograms with a resolution of .1 minute or 
better in 0.02 sec exposure. Because of the Van Allen radiation, it will 
probably not be feasible to use the photographic technique unless the 
altitude can be kept quite low.' 

It is more likely that scanning techniques, with their currently lower 
resolving power, but with the advantage of supplying data in easily 
codable and transmittable form, will continue to hold the field. Here it 
is possible to secure resolution of perhaps 1 minute of arc, either by 
bundles of tubular collimators or, in those cases where mirror material 
is sufficiently reflective in the wavelength region of interest, by wobbling 
a concave mirror with a photodetector at the focus. 

If the angular resolution could be reduced to a few seconds of arc, 
the ultraviolet spectroheliograms would greatly advance knowledge of 
the structure of the chromosphere, particularly as regards its non¬ 
homogeneity. If, as the evidence suggests, there are large temperature 
fluctuations in the chromosphere, the spectroheliograms made in dif¬ 
ferent lines should exhibit great differences in their intensity patterns, 
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especially when spectroheliograms are made simultaneously (from, the 
ground) in low-excitation lines. 

The spectrum of the solar corona at wavelengths shorter than X3000 
is expected to contain a number of forbidden lines of highly ionized 
atoms strong enough to be observed with a satellite-borne coronagraph 
and spectrograph. The relative weakness of photospheric radiation 
in the ultraviolet would suppress the intensity of the coronal continuum 
as compared with the visible, and of course scattered skylight would 
also not be a factor. This experiment should probably first be flown in 
a rocket. 

2.3 Dynamic Spectra of Solar Radio Bursts 

Dynamic radio spectra of solar bursts were first obtained by Wild and 
his colleagues. 17 They are now observing over the frequency range of 
25 to 240 Me. Over part of this frequency band they measure the size, 
position, and polarization of the source of the bursts. More recently 
Warwick et al. 23 have obtained dynamic spectra over the band of 33 to 
15 Me which have revealed phenomena of great complexity and interest. 
The so-called type II and type III bursts, which begin at high frequencies 
and occur progressively later at the lower frequencies, have been inter¬ 
preted by Wild as resulting from corpuscular streams propagated out¬ 
ward through the solar atmosphere at speeds varying from a few hundred 
kilometers per second to a few tens of thousands of kilometers per sec. 
It is suspected that some of the corpuscular streams have sufficient 
kinetic energy to escape from the solar atmosphere and to reach the 
Earth, while others of lower energy are turned back or stopped. To 
establish whether the radio bursts are caused by the same corpuscular 
streams which are also responsible for geomagnetic storms or for the 
very soft component of solar cosmic rays, Haddock 6 has proposed that 
the low-frequency end of the solar burst spectra be observed from a 
satellite. As a by-product of this experiment, it may be possible to 
determine the decrease of electron density with distance from the Sun 
and perhaps the acceleration or deceleration of the corpuscular stream 
in the initial phase of its flight from the Sun to the Earth. 

2.4 Gamma Rays 

The subject of gamma rays is taken up more fully elsewhere (cf. 
Chap. 18). In connection with the Sun and solar-terrestrial relation¬ 
ships, it should be mentioned that the experiments with gamma-ray 
detectors flown either in rockets or satellites can easily be arranged in 
such a way as to separate the following components: cosmic primaries, 
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solar primaries, and various sorts of secondaries including bremsstrah- 
lung from the Van Allen radiation belt. In a rocket, a certain amount 
of separation according to altitude and direction is possible; at high 
satellite altitudes the directional separation becomes important; and 
finally the solar component should disappear in the Earth’s shadow. 

In view of Winckler and Peterson’s observation 24 of a flash of 0.5-Mev 
gamma rays Yi min before a flare, continuous monitoring of solar gamma 
rays is most important. 

2.5 Close-in Solar Probes 

In the more distant future, it may become possible to build a probe 
rugged enough to function at the high radiant temperatures in the 
neighborhood of the Sun. (For example, at 4 solar radii from the Sun 
the radiant temperature is about 3000°K, roughly the melting point of 
the most refractory substances known. The present working limit is 
somewhere in the neighborhood of 700°K.) It may then become possible 
to carry on closer-in experiments of the same general type as those 
already discussed. More important, however, would be the possibility 
of magnetometer measurements of the general solar magnetic field, 
sampling the streams of particles emerging from the Sun to study their 
composition, velocity, distribution, and similar questions. We are 
obviously still some distance from accomplishing experiments of this 
sort very close to the Sun. 

2.6 Current Developments: Satellite-borne Solar Experiments 

Some of the experiments outlined above are already becoming an 
actuality. The flying of solar Lyman-a and X-ray detectors designed 
and built by the Naval Research Laboratory in Explorer VII and the 
Transit companion have already been mentioned. Figure 9 shows an 
artist’s drawing of the National Aeronautics and Space Administration's 
S-16 satellite, which is the first of two simple “orbiting solar observa¬ 
tories” and which provides a versatile frame on which to mount experi¬ 
ments requiring only a modest degree of stabilization and accuracy in 
pointing. 26 

The largest part of this satellite is a wheel made up of nine triangular 
sectors; from this wheel project three booms tipped with spherical gas 
tanks. The tanks contain compressed nitrogen gas which is allowed to 
escape in a controlled manner through tangentially aimed reaction jets, 
thus providing the torque necessary to spin the wheel in its own plane 
up to 30 rpm and to keep it there, with occasional extra squirts, for a 
period of about 6 months. The booms, beside serving as radio antennas, 



FIG. 9. Artist’s drawing of the NASA S-16 satellite, an early 
version of the orbiting solar observatory. (Courtesy of NASA.) 


thus increase the moment arm for the torque. In the satellite’s finally 
stabilized orientation, the direction toward the Sun is in the plane of the 
wheel, within ±5°. 

The fan-shaped frame projecting from the hub of the wheel rotates on 
an axle in the opposite direction from the wheel so that when the satellite 
is properly oriented it can present one flat face of the frame to the Sun. 
The bank of solar batteries on that face is designed to produce 25 watts 
of power, about half of which are for control, data recording and telem¬ 
etry, etc., and the other half for experiments. The two long boxes 
represent sensors or telescopes; these are aimed in the same direction as 
the normal to the fan-shaped frame, that is, toward the Sun. In order 
to accomplish this, the axis of rotation of the wheel must be pointing 
perpendicular to the direction of the Sun. It is brought to this position 
by processing the spin axis by means of thrust applied at the tip of the 
spin axis. Two tangential nozzles for this purpose can be seen in the 
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drawing, at the near end of the spin axis where it projects through the 
edge of the fan-shaped frame. 

The instrumentation is carried in six of the nine wedge-shaped com¬ 
partments that form the sectors of the main wheel, the other three being 
reserved for controls, data storage, telemetry, etc. The turning of the 
wheel brings each of the compartments into line with the Sun twice 
a minute. The long narrow boxes also contain instrumentation. As 
mentioned above, they are kept pointed at the Sun with an accuracy of 
± 5° in the plane perpendicular to the plane of the wheel by the precession 
jets; this error is further reduced to 1 to 3 minutes by a servo motor 
which elevates and depresses the long axis of the boxes in relation to the 
plane of the wheel. The angle in the plane of the wheel is also main¬ 
tained with this accuracy by means of a servo. It is expected that 
later models will do even better. 

The following experiments have been proposed for the first two launch¬ 
ings of this model. For the stabilized section (long narrow boxes in 
Fig. 9) (1) apparatus to record continuously with high resolving power 
the profile of Lyman-a, (2) a device to observe the spectrum of soft 
X rays, (3) scanning spectrometers of moderate resolving power to cover 
the spectral region from X75 to X1500, and (4) a solar X-ray telescope 
for active regions on the solar disk and in the corona above it. The 
wedge-shaped compartments in the wheel would be suitable to carry 
equipment that does not require continuous pointing at the Sun. In 
the first vehicle these will be (1) devices to monitor the soft X-ray 
emission from the Sun, (2) detectors for 100-Mev solar gamma rays, 
(3) detectors for 0.1 to 1 Mev gamma rays to measure their intensity and 
distribution over the sky, and (4) equipment for auxiliary measurements 

o 

of solar X rays in the spectral region 1 to 60 A. 

Acknowledgments at the end of Chapter 18 apply to this chapter as 
well. We are especially indebted to Drs. Walter Orr Roberts and Grant 
Athay for reviewing an earlier version of this chapter. 

REFERENCES 

1. G. P. Kuiper (ed.): The Sun, Vol. 1 of The Solar System (Chicago Press, 1953). A 
collection of detailed monographs: 

L. Goldberg: “Introduction” 

B. Stromgren: “The Sun as a Star” 

M. Minnaert: “The Photosphere” 

Charlotte E. Moore: “The Identification of Solar Lines” 

H. C. van de Hulst: “The Chromosphere and Corona” 

K. O. Kiepenheuer: “Solar Activity” 



THE SUN 


339 


J. L. Pawsey and S. F. Smerd: “Solar Radio Emission” 

T. G. Cowling: “Solar Electrodynamics” 

C. W. Allen, P. C. Keenan, G. van Biesbroeclc, R. R. McMath, J. W. Evans, 
W. O. Roberts, R. Tousey, J. P. Wild, Helen W. Dodson, H. W. and H. D. 
Babcock, A. Ehmert, and J. A. Simpson: “Empirical Problems and 
Equipment” 

2. Articles by L. Goldberg and A. K. Pierce and C. de Jager in Handbuch der Physik, 

52, rev. ed. (Berlin: Springer Verlag, 1959). 

3. M. Schwarzschild: The Structure and Evolution of the Stars, Sections 15—16 and 23 

(Princeton University Press, 1958). 

4. M. Schwarzschild: See Ref. 3, Section 11. 

5. M. Schwarzschild: Astrophys. J., ISO, 345 (1959). 

6. Reprinted from Final Report—Astronomical Experiments Proposed for Earth 

Satellites, University of Michigan Research Inst., November, 1958. 

7. G. E. Hale: Astrophys. J., 88, 27 (1913). 

8. For example, H. D. Babcock: Publ. Astr. Soc. Pacific, 60, 244 (1948); H. W. and 

H. I). Babcock: Astrophys. J., 121, 349 (1955). See also Refs. 14 and 15. 

9. G. Thiessen: Ann. d’Astrophys., 9, 101 (1946); Zeitschr. f. Aslrophysik, 26, 16 

(1949); ibid., 80, 8 (1951); Observatory, 69, 228 (1949) and 70, 234 (1950); 
Nature, 169, 147 (1952); Naturwissensch., 40 , 218 (1953). 

10. K. O. Kiepcnheuer: Proc. 9th Volta Meeting (Rome: The National Academy). 

11. H. von Kluber: Observatory, 71, 9 (1951). 

12. R. Howard: Astrophys. J., 180, 193 (1959). Recent results with Babcock-type 

magnetograph with resolution of 10” X 10”. Plages coincide closely with 
10-gauss contours. 

13. Harold D. Babcock: Astrophys. J., 180, 364 (1959). 

14. II. W. and H. D. Babcock: “Photospheric Magnetic Fields,” paper 26 in Elec¬ 

tromagnetic Phenomena in Cosmical Physics, I.A.U. Symposium No. 6, Stock¬ 
holm, August 1956 (London: Cambridge University Press, 1958). 

15. H. W. Babcock, “The Magnetism of the Sun,” Scientific American, 202, 52 (1960). 

16. T. A. Chubb, H. Friedman, and R. W. Kreplin: “X-ray Emission Accompanying 

Solar Flares,” paper at the First International Space Science Symposium, Nice, 
January, 1960 (Amsterdam: North-Holland Publ. Co.). 

17. J. P. Wild: “Observational Radio Astronomy,” in L. Martin (ed.), Advances in 

Electronics and Electron Physics, 7, 5 (Academic Press, 1955). 

18. W. A. Rcnsc: “Solar Ultraviolet Spectroscopy and Applications to Problems of 

the Upper Atmosphere and the Solar Corona,” paper at the First International 
Space Science Symposium, Nice, January, 1960 (Amsterdam: North-Holland 
Publ. Co.). 

19. J. I). Purcell, D. M. Packer, and R. Tousey: “The Ultraviolet Spectrum of the 

Sun,” paper at the First International Space Science Symposium, Nice, January, 
1960 (Amsterdam: North-Holland Publ. Co.). 

20. H. E. Hinteregger, K. R. Damon, L. Heroux, and L. A. Hall: “Telemetering 

Monochromator Measurements of Solar 304A-Radiat,ion and Its Attenuation 
in the Upper Atmosphere,” paper at the First International Space Science 
Symposium, Nice, January, I960 (Amsterdam: North-Holland Publ. Co.). 

21. J. I). Purcell and R. Tousey: “The Profile of Solar Lyman Alpha,” paper at the 

First International Space Science Symposium, Nice, January, 1960 (Amster¬ 
dam: North-Holland Publ. Co.). 



340 


THE STARS 


22. J. D. Purcell, D. M. Packer, and R. Tousey: “Photographing the Sun in Lyman 

Alpha,” paper at the First International Space Science Symposium, Nice, 
January, 1960 (Amsterdam: North-Holland Publ. Co.). 

23. A. Boischot, R. H. Lee, and J. W. Warwick: Astrophys. J., 131, 61 (1960). 

24. L. E. Peterson and J. R. Winckler: “Gamma-ray Bursts from a Solar Flare,” 

J. Geophys. Research, 64, 697 (1959). 

25. The device is being designed and constructed for the NASA by the Ball Brothers 

Research Corporation of Boulder, Colorado, under the supervision of Dr. R. C. 
Mercure, to whom we are indebted for descriptive material used in the following 
paragraphs of the text. 


SUPPLEMENTARY READING 
General 

G. Abetti: The Sun, transl. by J. B. Sidgwick (Macmillan, 1957). 

W. H. McCrea: Physics of the Sun and Stars (London: Hutchinson House, 1950). 

D. H. Menzel: Our Sun (Harvard Books on Astronomy), 2d ed. (Harvard University 
Press, 1959). 

Radio Astronomy of the Sun 

R. Hanbury Brown and A. C. B. Lovell: The Exploration of Space by Radio, Chap. 7 
(London: Chipman and Hall, Ltd., 1957). 

J. L. Pawsey and R. N. Bracewell: Radio Astronomy (London: Oxford University 
Press, 1955). 

Solar Ultraviolet and X-ray Studies 

Annals of the IGY, 12 (London: Pergamon Press, in press, 1959). Contains results 
reported at the 5th Meeting of CSAGI, Moscow, August, 1958. Section 8, 
“Solar Electromagnetic Radiation.” Contributions by: 

H. Friedman, T. A. Chubb, J. E. Kupperian, Jr., and J. C. Lindsay: “X-ray and 
Ultraviolet Emission of Solar Flares” 

E. T. Byram, T. A. Chubb, PI. Friedman, and J. E. Kupperian, Jr.: “ Intensity of 
Solar Lyman-alpha and Adjacent Ultraviolet Emission Lines” 

H. Friedman, T. A. Chubb, J. E. Kupperian, Jr., and J. C. Lindsay: “X-ray 
Emission of Solar Flares” 

J. E. Kupperian, Jr., E. T. Byram, T. A. Chubb, and II. Friedman: “Far Ultra¬ 
violet Radiation in the Night Sky” 

J. E. Kupperian, Jr., A. Boggess III, J. E. Milligan, and H. P'riedma.n: “Rocket 
Astronomy in the Far Ultraviolet” 

J. E. Kupperian, Jr., and H. Friedman: “Gamma Ray Intensities at High Alti¬ 
tudes” 

J. D. Purcell, A. Boggess, and R. Tousey: “A High Resolution IJV Spectrogram 
of the Sun” 

H. Friedman: Proceedings of the I.R.E., 47, 272 (February, 1959, issue devoted to 

IGY). Reviews results to date on intensity and distribution of short-wave solar 
radiation and solar-terrestrial relationships. 



GALACTIC AND 
EXTRAGALACTIC ASTRONOMY 

Leo Goldberg and Edward R. Dyer, Jr, 


1. INTRODUCTION 

The introductory part of Chap. 17 on the Sun suggests that there 
are three distinct ways in which satellite investigations will advance the 
cause of astronomy: (1) the new capability of observing practically the 
entire spectrum of electromagnetic and particle radiation, without inter¬ 
ference by the terrestrial atmosphere; (2) the ability to sample directly 
a physical environment with measuring devices; and (3) the control of 
the initial conditions of an orbit, in order to investigate certain effects 
in mechanics or basic physics (relativity, etc.). 

The first of these categories, with which we are chiefly concerned in this 
chapter, is essentially an extension of time-honored classical methods of 
investigation. The other two are examples of entirely new departures 
that are made uniquely possible by the artificial satellite and probe. It 
is obvious that in the area of investigation of this chapter, namely, space 
beyond the confines of the solar system, it will be some time before 
methods of the second type (probes, etc.) will have developed to an 
operational state. Investigations of the third type, which have been 
called “experimental celestial mechanics, 1 ” are discussed in Chap. 3 
(The Nature of Gravitation) and in Chap. 5 (Geodesy). 
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The Earth’s atmosphere hinders astronomical observation in three 
principal ways: 

First, it is opaque to radiation, except through the “visual window” 
(about 0.3 to lju) and the “radio window” (about 3 mm to 15 m) (see 
Fig. 1). The visual window is cut off on the short-wave side at about 
0.3ju by the ultraviolet absorption of ozone. Between the visual window 
and the radio window there is a region of infrared molecular band absorp¬ 
tion (water vapor, carbon dioxide, oxygen, etc.) which is partially trans¬ 
parent in a few wavelength bands from 1 to 24^, but is almost completely 
opaque from 24ju to the millimeter-wave region where the radio window 
begins. The radio window is limited on the long-wave side at about 15 m 
(20 Me) by the critical frequency for reflection by the electron clouds of 
our ionosphere. Since the electron density and therefore the limiting 
frequency are variable, it is often possible to observe at frequencies below 
this limit, especially through “holes” in the ionosphere. Reber and 
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FIG. 1. Schematic; representation of the transparency of the 
terrestrial atmosphere as a function of wavelength. (Courtesy 
of A. D. Code 15 and the Editors of The Astronomical Journal.) 
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Ellis, 1 working in Tasmania, have made observations at frequencies 
below 9 Me and occasionally as low as 1 Me. 

Thus the radiation from the two extreme ends of the spectrum, both 
very important for astrophysical studies, is blocked off. The gap in the 
middle (the infrared-microwave region) is perhaps not quite so serious 
because to some extent one can interpolate into this region from both 
sides, but also because some of this radiation is absorbed chiefly in our 
lower atmosphere, and the region of greatest opacity can be surmounted 
at balloon altitudes. 

Second, the upper-atmospheric airglow and scattering of sunlight and 
starlight in our lower atmosphere interfere with observations of extended 
cosmic sources: the solar corona, zodiacal light, faint emission or reflection 
nebulosities, integrated unresolved starlight in the Galaxy or in remote 
extragalactic nebulae, etc. The skylight in effect sets a lower limit to 
the surface brightness of any other source that can be detected against its 
background (more accurately its foreground). The scattered component 
diminishes quite rapidly with altitude, but the airglow originates in the 
very high atmosphere. 

Third, the differential refractive and dispersive effects of small inho¬ 
mogeneous cells in the lower atmosphere on rays passing through them, 
and their variation with time, impair and at times destroy the definition 
of optical images. On this account the theoretical resolving power of 
optical equipment is in fact never realized for apertures greater than 
about 12 in. Scintillation and “poor seeing” effectively prevent the 
resolution of details like solar granules, surface features of a planet, 
close double stars, closely packed star fields in distant clusters, and 
galaxies. 

Since poor seeing originates in the lower atmosphere (below about 
50,000 ft), it is completely surmounted at balloon altitudes and considera¬ 
ble improvement is achieved even on high mountaintops. The other 
obstacles—airglow, and molecular or ionospheric absorption—persist to 
extreme altitudes and cannot be overcome from balloons. In extreme- 
high-altitude observations, rockets are useful for reconnaissance, but 
satellites are essential whenever the collection of data requires more than 
a few minutes. 

The accessibility to observation of the entire electromagnetic spectrum 
would tremendously broaden the observational basis for theories about 
the structure and physical state of individual objects (stars, nebulae, etc.), 
the structure of systems like our Galaxy and other galaxies, and their dis¬ 
tribution in space. As an example, one of the most important questions 
that can now be treated is that of the detailed abundances of certain 
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abundant light elements and their isotopes in the stars, the nebulae, and 
the interstellar medium. These data are of the utmost importance 
because of their close relationship to the cycles of thermonuclear energy 
generation in stellar interiors and to the subsequent history of the 
by-products. 

For a spectral line to appear in the visible or near-visible spectrum, say, 
between 0.3 and 1.2ju, it must of course correspond to a transition between 
two energy states 1 to 4 ev apart. For the lighter, more abundant ele¬ 
ments and their ions, the only transitions in this energy range are rela¬ 
tively weak ones between two excited states. Now the strength of a 
spectral line is a function of the number of atoms in the initial state of 
the transition, and the transition probability. The number in the excited 
state relative to the total number for the given element can be accurately 
calculated only if the temperature is known and thermodynamic equilib¬ 
rium prevails. Under many conditions of observational interest neither 
of these conditions is met, so that assumptions of varying degrees of 
plausibility must be made. The astronomer is deeply interested in ele¬ 
ments such as H, He, C, N, O, the halogens, the inert gases other than 
He, and other light elements. All of them are abundant in the Universe, 
but their leading lines fall in the ultraviolet and some of them do not have 
even one detectable line in the visible regions of stellar or nebular spectra. 

Many other examples of new opportunities for research will be given 
below, but we can also count on many surprises. One has only to turn 
to the brief history of radio astronomy to find examples: the discrete 
sources of radio noise in space, the distribution of radio-noise sources in 
the Sun’s corona, and the phenomenon of bursts, the localized sources 
on Jupiter, etc. 

The rest of this chapter is divided into the following two divisions: 
Section 2, A Review, which consists of selected topics from astronomy and 
astrophysics treated in sufficient detail so that the nonspecialist will 
grasp the objectives of the research programs, and Section 3, Research 
Problems, which considers some specific problems that seem susceptible 
of solution with space techniques. 

2. A REVIEW 

This section is concerned with problems of current interest in astron¬ 
omy and astrophysics, with special emphasis on such topics as stellar 
populations and evolution, the abundances of the elements, stellar radia¬ 
tion, discrete-emission-line gaseous nebulae, the interstellar medium, 
galaxies, and sources of radio-frequency radiation. 
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2.1 Stellar Populations and Evolution 

The phrase “stellar population ” denotes a collection of stars having 
either certain common properties (physical, chemical) or collectively 
conforming to some fairly well defined distribution (positions or velocities). 

1. Population Criteria. Baade originated the notion of two stellar 
populations, which he labeled I and II: I is what you find in the arm of a 
spiral galaxy (like the solar neighborhood in the Milky Way), and II is 
what you find in a globular cluster. This basic idea is enlarged on in 
paragraphs a and b below. Today we use four observational criteria to 
classify stars or sets of stars into populations: (1) location or distribution 
on the Hertz sprung-Russell diagram, (2) membership, location, and 
spatial distribution in larger star systems, (3) velocity or velocity dis¬ 
tribution, (4) chemical composition. All but the last are really statistical 
criteria, in that they deal with overlapping distributions and can be 
applied with certainty to individual bodies only in exceptional cases. 

a. Differences in distribution on the Hertzsprung-Russell (II-R) diagram, 
in which the luminosity of an object is plotted against its spectral type or 
surface temperature (see Fig. 2). It will be noted that the upper part 
of the diagram is very different for the two populations. Population I 
is characterized by the very hot luminous stars of Types O-B-A at the 
upper end of the main sequence and by red giants of Types G-K-M of 
the order of 30 to 300 times as bright visually as the Sun and separated 
from the main sequence by the “Hertzsprung gap.” In Population II 
there are no main sequence stars of Types O-B-A; its most luminous stars 
are red giants. These are somewhat brighter than those in Population I, 
and their distribution on the H-R diagram is connected with the main 
sequence somewhere around Type F. It has, in addition, a horizontal 
branch of stars about 100 times as bright as the Sun running through the 
Hertzsprung gap from the red giants across the main sequence, and this 
branch contains the cluster-type variables that are typical of Population 
II. Baade was the first to note that the brightest stars of the two popula¬ 
tions that could be resolved in the arms and in the center of extragalactic 
nebulae (notably in M31) were, respectively, blue and red in color. It 
should be noted that not much can be said as yet about population differ¬ 
ences on the H-R diagram in the distribution of faint stars. In globular 
clusters they are hard to resolve, and in the general population around 
the Sun they are hard to identify. 

b. Differences in spatial distribution , or in their association with other 
matter. For example, Baade’s Population I is confined to the arms of 
spiral galaxies and to irregular galaxies and is found in close association 
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FIG. 3; Elliptical galaxies of Types EO to E7 (top four), 
which are composed of Population II, and Irregular galaxies 
(bottom two), which are predominantly Population I. This 
figure and the next show the morphological types into which 
galaxies are classified. (Courtesy of Mount Wilson and Palomar 
Observatories.) 
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with discrete clouds of interstellar matter—gas and small solid grains, 
frequently referred to as dust. Baade’s Population II (characteristic of 
a globular cluster by Baade’s original definition) is also found in a pure 
state in elliptical galaxies, which are very like huge globular clusters; it is 
also found in a perhaps less pure state in the central region of spiral 
galaxies and in a large spheroidal distribution around the center (the 
galactic “halo”). See Figs. 3, 4, and 5. 

c. Differences in velocity distribution , which are in fact very closely 
connected with and responsible for the spatial distributions mentioned 
in paragraph b. The spheroidal distribution typical of Population II 
results from elongated orbits of high eccentricity and nearly random 
inclinations to the plane of rotation of the galactic system. The stars 
in the spiral arms and the associated interstellar clouds have more nearly 
circular orbits, nearly in the plane of general rotation of the whole system. 
In any fairly small region where both populations are present, the local 
velocity distribution will differ and the members of one population will in 
general be moving rapidly with respect to members of the other popula¬ 
tion. These differences were first pointed out by Oort and his associates 
at Leiden. 

d. Differences in chemical composition . Analysis of the absorption-lino 
spectra of stellar atmospheres by the curve-of-growth technique lias 
indicated that the stars of Population I have, in general, a higher rat io of 
heavy elements to hydrogen. There is a strong presumption that this 
difference reflects a difference in composition of the original nebular 
matter from which the star populations were formed, because according 
to currently accepted models of stellar interiors, it is only in exceptional 
cases that matter from the core, which has undergone transmutation by 
thermonuclear reactions, can reach the surface by convection or diffusion. 

In conclusion, two matters should tie noted: First, Populations I and II, 
in their purest form, appear to be the extreme ends of a continuous spec¬ 
trum of populations, with characteristics intermediate between those 
described. Second, the four criteria are in general agreement in their 
assignment of stars to a place in this scale. Thus a fairly coherent picture' 
of stellar evolution is just now emerging that accounts, at least in broad 
outline, for the observational facts so far as they are now known. 

2. Evolutionary Stages. This theory of stellar evolution calls for a 
sequence of stages that follow each other in succession. How long each 
one lasts depends on such factors as the mass. 

a. Protostars—fairly compact globules of interstellar matter - con¬ 
dense out of the clouds by self-gravity, possibly helped by the inward 
radiation pressure from other stars. Objects answering this description 
are relatively numerous in the Milky Way. 
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FIG. 4. Spiral galaxies (Sa to Sc, left,) and barred spirals (SBa 
to SBe, right). 'The central region, which becomes less promi¬ 
nent through the sequence, is Population 11, like the hlliptioals, 
and the arms are predominantly Population l, like the Irregu¬ 
lars. (Courtesy of Mount Wilson and Palomar Observatories.) 
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FIG. 5. Populations I and II contrasted. On the left: an outer arm of M31 (Type Sb), taken 
m blue light to bring out the hot giants and supergiants and associated nebulosity, typical of 
I opulation I. On the right, NGC 205 (Type Eo), taken in yellow light to bring out the yellow 
gmnts t\ pical of Population II. (Courtesy of Mount Wilson cmd Palomar Observatories.) 
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b. The protostars contract until they reach a spherical configuration 
where hydrostatic equilibrium prevails between self-gravity and the 
internal gas pressure plus the radiation pressure: they become stars. 
The range in mass appears to be limited at the lower end at something 
like 10” 2 solar mass. Smaller objects do not develop high enough central 
pressures, densities, and temperatures to support thermonuclear processes. 
Similarly, the upper end of the range is limited at something like 10 2 solar 
masses by the instability resulting from too great a rate of energy produc¬ 
tion. These young stars, composed largely of hydrogen, form the “zero- 
age” main sequence on the H-R diagram (see Fig. 2). 

During the contraction stage the effective surface temperature of a 
protostar will rise from a few degrees absolute to its equilibrium main- 
sequence value (see following paragraphs c and d). The time scale for 
the contraction phase required by theory is of the order of one-hundredth 
to one-thousandth of the time spent on the main sequence; during this 
stage the luminosity is believed to be only slightly less than the equilib¬ 
rium main-sequence value, for the larger surface area nearly compensates 
for the lower temperature. Protostars in the contraction phase might 
therefore be detected with improved devices of sufficient sensitivity in 
the infrared. 


c. In the cores of the stars, where the temperature is some millions 
or tens of millions of degrees and the density is of the order of 10 2 g per 
cm 3 , hydrogen is converted to helium and radiant energy, the latter work¬ 
ing its way to the surface by radiative transfer. The internal balance is 
such that the luminosity L of a main-sequence star is proportional to a 
power of its mass M n , where n is approximately 3 or 4. The Sun, with 
L — 4 X 10 33 ergs per sec and M — 2 X I0 33 g, is radiating away 
L/M — 2 ergs per sec per g of matter. From this figure an estimate of 
the Sun’s maximum life expectancy r can be made, under the assumptions 
that it began life as pure hydrogen, that the hydrogen is all accessible 
to thermonuclear processes in the core, that its luminosity remains 
unchanged, and that it exchanges only a negligible quantity of matter 
with its environment in comparison with its own mass. Remembering 
that less than 1 per cent of the mass of each proton is released as radiant 
energy, one obtains r == 10 n years. A massive star of spectral type R, 
with M ~ 10 M nin and L ~ 10 4 L miI1 , generates radiant energy at the rate 
L/M == 10 3 times that of the Sun, and thus has a maximum life expect¬ 
ancy only one-thousandth as long, or ~10 8 years. 

d. Main-sequence stars brighter and more massive than the Sun, with 
higher central temperatures and densities, are believed to operate on the 
carbon cycle, which has a temperature dependence of T 16 or higher. The 
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Sun and less massive stars operate on the proton-proton cycle, with a 
much less sensitive temperature dependence of about T A . The extreme 
sensitivity of the carbon cycle to temperature makes for a convective core 
in the more massive stars, which entails a model somewhat different from 
the less massive stars. What happens as a star converts its hydrogen 
into helium, i.e., how it ages, depends on the model. Since both models 
have a deep nonconvective layer between the core and the outer shell, 
little internal mixing outside the core can take place. Such a star expands 
with hydrogen depletion, although the expansion probably does not 
become noticeable until a fairly large portion of the hydrogen in the core 
is consumed. For the most massive bright stars at the top of the main 
sequence, this expansion is accompanied by a cooling of the surface in 
such a way that the luminosity remains approximately constant. The 
stars become red giants and move more or less directly to the right on the 
H-R diagram. For smaller stars, the surface temperature remains more 
nearly constant or even increases at first, so that the motion on the H-R 
diagram is first upward, then up to the right. The aging process of 
becoming red giants proceeds much more rapidly in the most massive 
stars because of their large L/M. 

e. The red giants represent the stage in which a large dense core of more 
or less inactive helium is surrounded by a shell in which the thermo¬ 
nuclear cycles involving hydrogen are still taking place. The outer 
envelope is an overblown, turbulently convective region. Toward the 
end of this stage, when densities and pressures have built up sufficiently 
in the center, other cycles become successively possible, involving the 
conversion of helium to carbon, carbon to heavier elements, etc., leading 
finally to iron. 2 " 4 Instabilities may set in that account for the variable 
stars in this part of the H-R diagram. 

/. We skip now to the stage of the white dwarfs, globes of degenerate 
matter with masses of the order of the Sun’s mass but with diameters of 
planetary dimensions. Their high density and low gravitational poten¬ 
tial are so extreme that the injection of a tremendous amount of energy 
from the outside would be required to inflate them back to normal stars. 
Thus they must be the end-product of stellar evolution and are doomed 
inevitably to cool off by radiating away the store of thermal energy, thus 
to become “black dwarfs/’ The cooling-off process has a time constant 
of the order of 10 9 years. 5 

Neither the route from the red-giant and variable-star region of the 
H-R diagram to the white-dwarf sink, nor the processes involved, are 
clear. The model of a completely degenerate white dwarf which takes 
into account relativistic effects forbids a mass greater than approxi- 
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mately 1.4 solar masses. Thus it appears that a more massive star must 
somehow shed its excess matter—perhaps violently, perhaps in a steadier 
and smoother fashion. One current theory suggests that supernovae 
(which flare up to luminosities ~10 8 as bright as the Sun) exemplify the 
violent shedding of excess matter; another theory suggests that at suffi¬ 
ciently high densities (> 10 6 g per cm 3 ) and temperatures (several billion 
degrees) the heavy-metal core suffers a collapse, with catastrophic results. 
Ordinary novae, repeating novae, planetary nebulae, and Wolf-Rayet 
stars have all been suggested as alternative, less active mechanisms for 
shedding excess mass and perhaps should not be excluded. In any case 
it is significant that all these objects lie in an ill-defined band on the II-R 
diagram stretching from the variable stars, leftward and downward to the 
white dwarfs. 

g. The ejected matter, having been through various transmutations in 
the interior of the star, enriches the interstellar medium with a fraction 
of heavier elements. Stars formed later out of this material will thus 
start out with an enhanced ratio of heavy elements to hydrogen. 

3. Effects of Evolution on Stellar Populations. Several other hypotheses 
will indicate how the theory of evolution rather neatly explains stellar 
populations in terms of age: 

Stars continue to be formed as long as there is interstellar matter of the 
proper density distribution. This hypothesis has been strengthened by 


the discovery in recent years of stellar associations (groups of stars too 
loosely organized to be called a cluster, whose individual motions indicate 
a common origin in a region of dense nebulosity only a few million years 
ago [see Figs. 6 and 7]) and of T Tauri stars (stars embedded in nebulosity 
that have apparently just come into being). Such processes occur today 
only in Population I regions, where there is nebular matter. Regions 
occupied by a pure Population II globular clusters and elliptical 
galaxies—have long since been swept clean of their interstellar matter, 
presumably by passages through other star systems, so that no stars have 
formed in them for some time. They may thus be regarded as an aged 
and sterile population. 

The motion of a star in its galaxy is determined once and for all by the 
motion of the cloud from which it was formed. The collision cross 


section of the gravitational sphere of action around a star, in which appre¬ 
ciable deflection of a passing star can be brought about, is so small com¬ 
pared with the separations of the stars, that the relaxation time of stellar 
motions in the Sun’s neighborhood is of the order of 10 14 years. It would 
of course be shorter in more densely populated regions, but still long com¬ 
pared with 10° to IQ 10 years, the hypothetical age of the Galaxy. 






FIG. 6. The Sc-type spiral M33. In the outer Population I 
arms and along their very faint extensions, the most conspicu¬ 
ous objects are associations of young hot stars embedded in 
nebulosity. (Official U.S. Navy Photograph.) 


354 


GALACTIC AND EXT R A G AL ACT i C ASTRONOMY 


3 55 



FIG. 7. A stellar association, in nebula IC 410, of newly 
formed stars in our own galaxy. ((Jouvlcsy of Stewart Sharpless, 
U.S. Naval Observatory.) 


Discrete clouds of interstellar matter interact much more strongly. 
Their present dimensions, estimated masses, number density, and mean 
differential velocity lead to a relaxation time tor then motions in the 
range 1() K to 10‘° years, and this time would have been still shorter when 
clouds were larger and more numerous and moving with greater relative 
motions. It is assumed that the motions of the clouds were originally 
much more turbulent than now, with a large velocity dispersion both in 
the radial direction (highly eccentric orbits) and perpendicular to the 
plane of general rotation (highly inclined orbits). These motions have 
been gradually damped out by collisions and close approaches, leaving 
today a residuum of clouds moving with nearly circular orbits in nearly 
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the same plane (the original plane of rotation), with a small velocity 
dispersion of about ±5 to ±10 km per sec. 

A combination of the assumptions above, together with the additional 
assumption that Population II is the surviving sample of the oldest stellar 
population while Population I in its purest form (O-B-A stars plus inter¬ 
stellar clouds) is the youngest, accounts for most of the observed facts. 

One of the most important parameters describing a stellar population 
is its luminosity function, i.e., the distribution of the number of stars per 
cubic parsec as a function of luminosity or absolute magnitude. Accord¬ 
ing to theory, the initial, or “zero-age,” luminosity function will be deter¬ 
mined by the density distribution in the clouds from which the stars are 
formed, and to some extent by the chemical composition of the clouds. 
Since all the stars of a given population need not be formed all at once, 
this “birth function” is itself a function of the time. Furthermore, the 
luminosity function at any particular later epoch is changing because of 
the different relative aging rate of the more massive and less massive 
stars. The luminosity function at a given time in a given neighborhood 
(say, today in the neighborhood of the Sun) thus is to be explained in 
terms of some fairly complex processes. Observationally, the luminosity 
function in the neighborhood of the Sun shows a broad maximum at a 
place corresponding to stars with L = 10The dropoff in number 
density at about 10~ 4 L mln may be due to the approach to a low-luminosity 
cutoff corresponding to the minimum mass of the protostars that could 
have been formed from the original cloud. On the other hand, it may 
be due to observational incompleteness at the faint end of the luminosity 
scale. Not only are such stars hard to observe because they are faint 
(20th magnitude at 100 parsecs), but even when they can be observed, 
they are extremely troublesome to identify against the background of 
intrinsically brighter but more distant stars. For the lower end of the 
main sequence, estimates of the luminosity function depend on extra¬ 
polating the inventory of all the stars known to be within 5, 10, 15, etc., 
parsecs of the Sun, a very small sample which already at very short dis¬ 
tances shows signs of incompleteness. For these same reasons, our idea 
of the number density of white dwarfs is rather sketchy. 

Clusters—both open “galactic” clusters like the familiar Pleiades 
and globular clusters like M3 (Figs. 8 and 9)—arc obviously an 
extremely important source of information in the study of stellar popula¬ 
tions and evolution because they are collections of stars that must have 
formed at very nearly the same time out of the same cloud. They thus 
had the same initial composition and have aged for the same interval of 
time. Since the more massive luminous stars have relatively shorter life 
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FIG. 8. The Pleiades, a typical open galactic cluster of Popu¬ 
lation I, containing hot bright stars and nebulosity. [Courtesy 
of Mount Wilson and Palo mar Observatories.) 


expectancies, the effects of aging show much sooner at the upper end of 
the main sequence and make it a sensitive indicator of age. The II-R 
diagrams for clusters can be arranged in a monotonic sequence, from 
youngest to oldest. The dynamic properties, that is, gravitational stabil¬ 
ity against the disrupting effects of differential galactic rotation, also 
indicate the same age sequence. 

In contrast to the brighter end of the main sequence, hardly any evolu¬ 
tionary effects can be observed in fainter stars because their life expec¬ 
tancy is longer than the hypothetical age of the Galaxy. Furthermore, 
in globular clusters, stars much fainter than the Sun cannot be observed 
at all, partly because of their extreme apparent faintness but mostly 
because of the impossibility of resolving their images against the dense 
blended background of much brighter stars. (For instance, the Sun at 
the distance of M3 would look like a 21 st-magnitude star.) There is 
prospect of improving this situation through the use of optically smaller 
ultraviolet images (see Sec. 3 below). 


This brief survey has no more than touched on current ideas of stellar 


evolution and its relation to element synthesis and chemical composition. 
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FIG. 9. The globular cluster M3 in Canes Venatici. The 
brightest resolved stars are yellow giants, the brightest of the 
perhaps 100,000 Population II stars that make it up. (Cour¬ 
tesy of Mount Wilson and Palotnar Observatories .) 


Headers are referred to M. Schwarzschild’s excellent monograph 2 and to 
various papers by Fowler, E. M. Burbidge, G. R. Burbidge, Moyle, and 
Greenstein. 6-10 


2.2 Abundances of the Elements 

Because the motion, position in space, and location on the H-R diagram 
are in the general case only statistical indices of population, astronomers 
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are left with initial chemical composition as the only population-linked 
c laracteristic which can be used as an index of population membership 
lor individual stars. It seems likely that differences in the abundance of 
the elements toward the light end of the periodic table will constitute the 
best available index. As mentioned above in Sec. 1, their abundances 
aie difficult to determine from the lines in the visible spectrum since, for 
the most, part^they arise from transitions between two excited states, 1 to 
4 ev apart. i he possibility of observing the resonance lines of these 
elements in the ultraviolet raises the expectation that more reliable 
abundances will be derived. On the other hand, the high degree of 
crowding and blending of the lines in the ultraviolet spectra may make 
abundance determinations from resonance lines difficult or impossible. 
L\ on it this turns out to be so, one may expect other population-linked 
teatmes in the ultraviolet, such as differences in the continuum or in the 
intensities of the strongest lines, blends, or bands—differences of the sort 
whose exploitation in the visible region was pioneered by Chalonge 11 
and his students and also pursued by Stromgren. 12 The discovery and 
systematic application of easily distinguishable population-connected 
(.huTneteiistics would disentangle the present somewhat confused picture 
of stellar populations and would supply the third dimension which the 
II-H diagram evidently needs to resolve some of its ambiguities. This 
third dimension might be labeled “relative age,” after Schwarzschild’s 
suggestion. 1 * 

Alt hough in most cases the abundance of the elements in the atmosphere 
ot a star reflects its initial composition and in these cases serves as a rough 
indicat ion ot the star’s age, this simple picture may, under certain known 
circumstances, be complicated by the change in abundances brought 
about by the energy-production processes within the star itself. For 
instance, certain stars known to be in an advanced state of evolution have 
been found to have an abnormally high He/II ratio—white dwarfs, 
cataclysmic, and ordinary cluster-type variables lying on the trajectory 
on the II-It diagram, probably representing the decay of red giants into 
white dwarfs. It is possible that similar effects might he detectable at 
an even earlier stage (e.g., in the red giants themselves) if the currently 
accepted model for those stars is correct. Toward the end of the red- 
giant, stage, the shell source may have moved out far enough to allow 
mixing of the end-products of thermonuclear processes into the lower level 
of file very extended and turbulent outer envelope. It is suggestive that 
certain red giants have abnormally high abundances of carbon, others of 
zirconium, barium, and vanadium. Why should such abundance 
anomalies exist in red giants but not in red dwarfs? 
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Other especially interesting cases arise in which abundances at the 
surface may be related to processes in the interior or to special (not neces¬ 
sarily evolutionary) processes on the surface itself. For example, the 
abundance of lithium in the Sun, though much lower than on the Earth, 
is still high enough to indicate that the Sun’s surface material has never 
been involved in its energy-producing core, which would have consumed 
the lithium almost entirely. 14 Similarly, the short-lived radioactive 
element technetium has been suspected in the atmosphere of certain 
peculiar stars; it seems most improbable that it could have been formed 
anywhere except fairly near the surface because it would have decayed 
before reaching the surface. 

Since the interstellar clouds of gas and dust are believed to be the raw 
material from which stars have been and are even now being formed and 
since the medium is believed to be predominantly hydrogen (enriched by 
injections of heavier elements from supernova explosions and other less 
violent expulsion of matter from stars), the abundances of elements in 
the interstellar medium form a link between the stars of the past and 
those of the future. 

The emphasis that has been given to the part that abundances play in 
unraveling the puzzles of stellar evolution should not be allowed to over¬ 
shadow the fact that they also enjoy an important role in the equilibrium 
of structures such as stellar atmospheres and interiors and gaseous 
nebulae. It is well known that the addition of a slight admixture of some 
elements to the composition of a gas can have a relatively large effect on 
its opacity and electron density, with corresponding effects on the transfer 
of radiant energy. Relatively small differences in abundance can produce 
relatively large differences in the structure of a star. For example, the 
difference in position on the II-R diagram between a normal main- 
sequence star of type K (effective temperature = 5000°K) and a sub¬ 
dwarf F (three times as bright, with effective temperature = 7000°K) 
may be due to the presence or absence of about 1 per cent by weight of 
the elements heavier than helium. 2 Similar considerations seem to 
explain the difference in luminosity between Population I and II red 
giants. The amount of carbon necessary to produce the heavy C 2 , Cl I, 
and CN absorption bands in the carbon stars need not he great, but the 
bands nevertheless modify the spectral distribution of the emergent 
radiation and the atmospheric structure. 

2.3 Continuous Spectra of the Stars 

Abundances are estimated from the very careful measurement of the 
amount of energy absorbed or scattered in spectral lines and thus they 
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depend on high-resolution spectral tracings, but much data of great 
astrophysical interest can be derived from measurements of the con¬ 
tinuous spectrum. 

Strictly speaking, the expression “continuous spectrum” should refer 
to a spectrum in which the opacity ol the source is a very slowly varying 
function of the wavelength. In the case of stellar absorption-line spectra, 
on the other hand, it may refer either to the spectrum between the lines 
or it may refer to a spectrum in which large variations in opacity are 
smoothed out, such as one would obtain with a spectrophotometer of low 
spectral resolution. In what follows, the latter meaning is intended, as 
the context makes clear. 

For convenience, astronomers have customarily used black-body laws 
with a disposable parameter T (the temperature) as a shorthand way of 
describing the continuous spectrum of a star. Disagreements among the 
various values of T derived from the application of the laws of Stefan, 
Planck, and Wien result from the departure of the radiation from black- 


body spectral distribution and are, of course, a consequence of various 
opacity-producing mechanisms in the stellar atmosphere or surrounding 
medium. The structure of a stellar atmosphere or interior must adjust 
itself to the damming action of the opacity. Furthermore, as noted 
above, relatively minor changes in chemical abundance sometimes pro¬ 
duce relatively large changes in opacity. 

Stars with effective temperatures from, say, 4000 to 9000°K, radiate 
most of their energy in the visible portion of the spectrum or in the 
accessible infrared and ultraviolet. Therefore, in * photometric studies 
where an attempt is being made to estimate the total radiation from a 


star, the correction for the radiation in the unobserved portion of the 
spectrum lying outside the easily accessible spectral range is small. This 
so-called “bolometrie correction” could itself bo in fairly serious error 
without seriously distorting the estimated total luminosity of the star. 
The case is quite different, however, for stars hotter than 9000°K or cooler 
than 4000°K, which radiate most of their energy in invisible regions of 
the spectrum. The temperatures of the very hot blue stars of spectral 
Types O-B-A have been estimated (from both their line and continuous 
spectra in the accessible region) to range from 12,000°K (Type A) through 
25,000°K (Type B) to perhaps 50,000°K (Type 05). For these latter 
stars the estimate of the unobserved ultraviolet radiation is frequently 
only a black-body extrapolation from the visible spectrum based on the 
assumption that the ultraviolet spectrum also corresponds to the same 
high temperature. More sophisticated or refined extrapolations, taking 
into account the continua of hydrogen and helium on the short-wave- 
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FIG. 10. Observed spectral distribut ion of the energy radiated 
in the wavelength interval X 3000 to 10,000 (0.3 to 1.0 y.) by 
stars of Type GO V (~6()00°K) and B0 V (~2f>,000"K). 0 'our- 

tesy of A. D. Code 15 and the Editors of The Astronomical Journal.) 

length side of the ionization limits, can still lead to serious errors, how¬ 
ever, because at these temperatures the bolometrie correction for the far 
ultraviolet is sensitive to temperature and is much larger than the total 
visible radiation on which it is based (see Figs. 10 and 11). 

These considerations become particularly touchy when one is dealing 
with the question of the physical state (energy balance, electron density, 
and pressure, etc.) of a nebula associated with a very hot star, since the 
nebular parameters depend in a very critical way on the amount, and 
detailed distribution of the ultraviolet radiation from the exciting star. 
For example, in an earlier ultraviolet survey of the night sky conducted 
by investigators at the Naval Research Laboratory with high-altitude 
rockets, 16 the sensitivity of the counters in the spectral region 1225 to 
1350 A was such that the radiation in this band from the hot bright star 
Spica (Alpha Virginis, spectral Type 130) was expected to be thirty 
times the noise level: in fact, nothing was observed. Certain other stars 
should also have been detectable. A more recent survey, however, has 
revealed a number of weak point sources in this wavelength region. 17 





GALACTIC AND EXT R A G A L A C T IC ASTRONOMY 


363 


The suspected ultraviolet deficiency of the intrinsically bright stars 
of spectral Type O-B-A is important for another reason: they are rela¬ 
tively the youngest in the scheme of stellar evolution, and therefore their 
total luminosity is a datum of great importance in theories of the evolu¬ 
tion of galaxies as well as of individual stars. Direct ultraviolet measure¬ 
ments of their luminosities would remove the present uncertainties. 

These hot bright stars are also the chief source of the radiation in space, 
at least in the outer parts of our own Galaxy (e.g. the neighborhood of 
the Sun) and other spirals. The temperature of both sorts of inter¬ 
stellar matter—gas and dust—depends on the energy density of this 
dilute bath of radiation. In particular, many elements which certainly 
or probably occur in gaseous nebulosities have ionization limits in the 
far ultraviolet; the degree to which these elements are ionized, and hence 
the electron density, will depend critically not only on the degree to 
which the interstellar radiation has been attenuated by the Lyman 



FIG. 11. Sport ml distribution of the radiation from stars of 
Types (50 V and BO V, extrapolated into the ultraviolet (to 
A500) from the observed data of Fig. 10. (Courlc.Ni/ of A. D. 
Code 1 '" and the Editors of The Astronomical Journal.) 
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absorption of interstellar hydrogen (see below), but also on the initial 
amount of ultraviolet and X radiation originating in the hot stars. 

The emphasis on very hot stars in the above paragraphs should not he 
taken to mean that the continuous spectra of cooler stars are of no impor¬ 
tance. For example, the effective temperature of the Sun taken from 
the data of the visible spectrum does not represent the ultraviolet spectral 
distribution at all well. This should not be regarded as a departure' 
from black-body radiation, which would here be a sheer formalism. We 
should say, rather, that it is the joint result of crowded absorption lines 
and molecular bands and of the mixture of radiation from several distinct 
atmospheric regions at different temperatures. 

Spectrograms and spectral scans of the Sun, obtained from rockets 18 20 
(see Chap. 17, The Sun) have brought out the following facts about its 
ultraviolet spectrum. The continuous (i.e., photospheric) spectrum 
fades below detectable levels at around 1500 to 1000 A. At shorter 
wavelengths only separate emission features are present. In the spectral 
range from X1600 down to about X100, the emission lines are largely of 
chromospheric origin and correspond to temperatures of 20,000 to 
40,000°K (He, C, N, O, etc., and their ions). At still shorter wavelengths, 
in the X-ray region, what are evidently unresolved clumps of resonance 
lines of the multiply ionized metals in the million-degree corona have 
been detected. The fact that this radiation originates in the corona has 
been established during two total eclipses of the Sun when the photo¬ 
sphere and chromosphere were blocked from view. 21 We do not know 
whether a very extended, intensely hot atmosphere like the solar corona 
is a rare or common phenomenon among the stars in general. 22 A fair 
guess might be made if we understood better the mechanism causing the 
Sun’s corona; otherwise the problem must await direct observational 
attack. Since ordinary Sun-like stars are numerous, the answer to this 
question has considerable bearing on the amount of X radiation in the 
Galaxy. 

2.4 Emission Nebulae 

Our knowledge of the gaseous emission nebulae is based almost enf iroly 
on optical data and, in a very small number of cases, on radio data. 
They may be sorted into several general types. 23 Some are diffuse, 
irregularly shaped objects and are excited or ionized by the ultraviolet 
radiation emanating from the very hot stars associated with them; this 
is the type mentioned above (see Fig. 12). The diffuse' nebulosities 
occasionally subtend a large solid angle and show a complicated infernal 
structure, e.g., the Orion Nebula complex, which is about 20° by 50°. 




FIG. 12. The Orion Nebula, a typical diffuse nebula of gas and 
dust which derives its luminous energy from hot stars embedded 
in it. {('ourU'Sfi of Mount Wilnon and Palomar Observatories.) 

The planetary nebulae are by contrast compact, more or less globular 
objects, centered also on very hot stars of Types Q-B-A; these nebulae 
appear to be, in fact, highly extended atmospheres of their central stars 
and are excited tty their very energetic radiation. The central stars 
appear to be subluminous; that is, they are intrinsically fainter than 
main-sequence stars of the same spectral type (see Fig. 13). A third 
type of gaseous nebula derives its ionization and excitation energy from 
the shock waves generated in the violent collision of gaseous elements in 
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FIG. 13. NGC 7293, a planetary nebula in Aquarius. It de¬ 
rives its energy from the ultraviolet radiation of the central 
steir, which looks very faint in visible light. {Courtesy of Mount 
Wilson and i alomar Observatories.) 
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very rapid relative motion. The primary elements in the collision may 
be internal turbulent elements (as in the Crab Nebula, an old supernova; 
see Fig. 14), an expanding shell of gas and the ambient interstellar medium 
(e.g., the Cygnus Loop; see Fig. 15), or the gaseous filling of whole 
galaxies in collision (e.g., Cygnus A). These kinds of objects are also 
sources of radio-frequency radiation 24 and possibly of X rays (see below). 

The optical spectral data from which most of our information about 
emission nebulosities has been derived consist chiefly of the permitted 
bright lines of the hydrogen Balmer series and of helium, and forbidden 
lines of oxygen, carbon, nitrogen, neon, etc., in various stages of ioniza¬ 
tion. The hydrogen and helium lines are limited to those arising from 
transitions between two excited states, a circumstance which severely 
limits the amount of information that can be obtained from them. The 
uncertainties arise because the gas is very far from thermodynamic 
equilibrium (because of its extremely low density) and to the very dilute 




FIG. 14. The Oral> Nebula., the remnant, of an old super¬ 
nova explosion. ( ( 1 ourtrni/ of Mount Wilson and l*a(otnar 
Observatories.) 







FIG. 15. Part of the 
Cygims Loop of diffuse 
nebulosity. It derives its 
luminouH energy from 
collision with the anil>i- 
ent, gas cloud t hrough 
which if is moving to 
tho right. {('oxr/cNt/ uj 
Mount Wilnon and lUtlo- 
mar Obnernat.o/'irn,) 
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radiation field of the embedded hot star (or stars). Furthermore, as 
we have seen, the ultraviolet and X-ray spectrum of the exciting star is 


for purposes of calculation extrapolated from the visible spectrum and 
may be in serious error. These uncertainties can largely be avoided by 
observing transitions to the ground state, which for the more abundant 
elements and their ions are almost all in the ultraviolet (e.g., H, He I, 
He II, C, N, O, the inert gases, the halogens). A knowledge of the 
ultraviolet emission spectrum is essential to separate such parameters as 
electron density, temperature, and relative abundance in an unambiguous 
way. The observation of certain ultraviolet forbidden lines such as 
those of [Ne IVJ would also help. (See Fig. 16 for the expected ultra¬ 
violet spectrum of a planetary nebula as computed by T. Daub. 16 ) 

The wavelength region between Lyman-a and XI350 surveyed by the 
NRL group, 16 - 17 in which the ultraviolet radiation of Spica and other hot 
stars was suspected of being deficient, is of extreme interest for another 
reason. This same night-sky survey uncovered the existence of at least 
two large areas of surprisingly intense diffuse emission. One of these, 


EXPECTED ULTRAVIOLET SPECTRUM OF A PLANETARY NEBULA 



FIG. 16. Rxpeeted ultraviolet omission spectrum of a planetary 
nebula, aw predicted by T. Daub. (Courtesy of A. D. Code 15 
and the Editors of The Astronomical Journal.) 
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about 20° by 30° in Orion, coincides fairly well with an area of visible 
nebulosity associated with a number of B stars; but in the other region, 
extending radially about 10° around Spica, there is no visible emission 
whatsoever. The visible line emission in the Orion region is not of much 
help, since it does not suggest any very plausible mechanism for the 
X1300 radiation. For example, if it were due to neutral oxygen, certain 
other oxygen lines should also appear, but they do not. It seems that 
the only source of radiation sufficiently intense to account for the observed 
nebulosity is Lyman-a widened toward the red. Two suggestions for 
the red shift are (1) the emission of Doppler-shifted Lyman-a from the 
fast stellar particles that have been neutralized in the nebular plasma 26 
and (2) Raman scattering of Lyman-a by molecular hydrogen. 20 Dis¬ 
covery of the exact nature of this radiation may well await the applica¬ 
tion of higher-resolution techniques. 

2.5 The Interstellar Medium 

The mass of the Galaxy can be found from the dynamics of its rotation 
and its internal stellar motions. It is the equivalent of about 2 X 10 11 
solar masses, or 4 X 10 44 g, and appears to be distributed in comparable 
quantities between stars and interstellar matter. The diffuse interstellar 
matter consists chiefly of neutral atomic hydrogen with an appreciable 
fraction of other elements and probably molecules, together with a non- 
negligible quantity of minute solid particles, commonly referred to as 
“dust.” The gaseous component can be detected optically by the 
absorption lines it superposes on the spectra of distant luminous stars 
and by the emission lines near hot stars. It can also be detected by the 
neutral hydrogen emission (and, under special circumstances, absorption) 
of 21-cm radiation in the radio spectrum. The dust component is 
responsible for the extinction of transmitted starlight and for the partial 
polarization of transmitted and reflected starlight. Since the extinction 
is selective with wavelength, it also produces interstellar reddening of 
starlight. 

Although the distribution of the gas and dust in space is by no means 
uniform (its density varies by several orders of magnitudes from one 
place to another), nevertheless it is possible to make the following gen¬ 
eralizations: (1) the particle density of interstellar hydrogen, as estimated 
from optical observations and from the 21-cm data, averages about 1 per 
cubic centimeter near the galactic plane (1 to 2 X 10~~ 23 g per cm 3 ); 
(2) a mean density of dust of the order of 10~ 25 g per cm 3 or less, and suit¬ 
ably distributed, is quite sufficient to explain the observed extinction 
and reddening of starlight. 
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The dynamical studies alluded to above call for a total density of 
matter approximately equal to the combined directly estimated density 
of the gas, dust, and stars. The estimate of the total mass of the stars 
is rather uncertain because the observed number density of the stars is 
based ultimately on counts over a relatively small volume of space in the 
Sun’s immediate neighborhood, which may be observationally incomplete 
for faint stars. Hence there is still enough room in the estimate of the 
total mass to allow for the possible presence of hitherto undetected mat¬ 
ter: very faint or completely dead stars, cold bodies of planetary dimen¬ 
sions, gas in molecular form such as H 2 , etc. 

1. Interstellar Gas. Except in the neighborhood of a star (the size 
of the “neighborhood’’ depending on the temperature of the star), the 
temperature of interstellar space is very low. In the presence of the 
very dilute, average radiation field of the stars, the equilibrium black- 
body temperature is a few degrees absolute. Thus almost all atoms and 
molecules are in the ground state, and studies with earth-bound tele¬ 
scopes have been limited to absorption lines of those few atoms and ions 
whose resonance lines lie in the accessible regions of the spectrum and 
which at the same time are abundant enough to make an impression. 
The choice has been limited: Ca, Ca + , Na, K, K+, Ti+, and the molecules 
CII, CII + , CN, and possibly Nil and OH. The density of hydrogen, 
where it has not been directly observed in emission near a hot star (the 
II II regions), has been inferred from rather rough estimates of the above 
particles together with the application of an assumed hydrogen-metal 
abundance ratio. 


In the ultraviolet, the situation will be quite different. The kinds of 
question which we may hope to answer by such observations are described 
in the following excerpt from a sketch of the astronomical space program 
of Princeton University, contributed by L. Spit.zer: 27 


Measurement of the absorption linos produced by interstellar atoms and 
molecules short ward of 3000 A should open lip a new and highly significant 
field of astro physical research. Several decades ago the existence of extensive 
gas clouds throughout the galaxy was not fully realized. Now it is known 
that an appreciable percentage of the mass of a galaxy, possibly even more than 
half, is in such clouds, composed mostly of hydrogen. Radio astronomy 
studies of the hydrogen line at 21 cm, either in emission or absorption, have 
given information on the galactic distribution of the hydrogen gas, on the 
temperature within the denser regions and on the turbulent velocities. Much 
more detailed velocity information on neighboring gas clouds has been obtained 
from a study of the interstellar sodium and calcium lines, seen in absorption 
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in the spectra of stars with high surface temperatures. Much theoretical 
work on interstellar gas dynamics has been based on these observations. 

In principle, observations of atomic absorption lines should give detailed 
information on the physical conditions of the interstellar gas, including level of 
ionization, electron density, and chemical composition. Such studies are now 
grossly handicapped by the fact that the only interstellar absorption lines of 
any strength in the accessible region of the spectrum are those of Na I and of 
Ca II. These are ultimate lines of relatively scarce elements, in their less 
abundant states of ionization. Corresponding observations in the far ultra¬ 
violet would extend these measures to the more abundant atoms, such as C, 
N, O, Mg and Fe, in several different states of ionization. Moreover, the 
much greater strength of these lines would permit research on features which 
are now not measurable. Finally, ultraviolet measures hold open the possi¬ 
bility of detecting the presence of molecular H 2 , which may be almost as 
abundant as atomic H but which apparently cannot be detected by other 
means. 

Several specific programs of research in this area may be described. One 
important program would be the measurement of the strength of interstellar 
Mg I (2852 A) and Mg II (2796 and 2803 A) in the spectra of a number of 
stars of high surface temperature within about 1000 parsecs from the Sun. 
Since the ionization probability for Mg I can be estimated, these measures 
would give directly a determination of the electron density in various regions 
of the interstellar gas. At the present time such estimates are based primarily 
on the ratio of the Ca I and Ca II lines; the Ca I line is so weak that its strength 
has been measured in only one star. 

Another program would be a measurement of the chemical composition in 
different interstellar gas clouds, through measurement of the strengths of 
the Fe II lines (between 2000 and 2700 A), of C I (1561 A), C II (1336 A), and 
higher members of the Lyman series of neutral H (923 A to 915 A). Recent 
theories on the evolution of stars and of galaxies indicate that heavy elements 
are formed in supernovae and ejected into the interstellar gas. Direct observa¬ 
tion of the chemical composition of the interstellar gas clouds in different 
spiral arms would give important and perhaps decisive information bearing on 
these theories. 

Yet another program would involve the measurement of the II« lines (1108 
and 1008 A). These absorption features may have appreciable strength. The 
corresponding absorption lines by HD and D a molecules a few angstroms away 
might also be measurable. Analysis of these molecules would close one of the 
major gaps in accounting for the mass of gas in our galaxy. It is not impossible 
that in many gas clouds the hydrogen may be almost entirely molecular. 

Finally, the analysis of physical conditions in the interstellar gas clouds 
would be possible from measures of the density, ionization level, chemical 
composition and detailed velocity distribution. Such studies would be of 
crucial importance for the analysis of star formation and also for the various 
hydromagnetic processes that affect the dynamics of these systems. 
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In the foregoing passage, Spitzer has reference mostly to isolated 
resonance lines of atoms other than hydrogen and helium. For hydrogen, 
on account of its overwhelming abundance—and this is true of helium 
to a lesser degree—the situation is somewhat more complicated. Aller 
has summarized his findings on the line and continuous absorption of 
starlight by hydrogen and helium in interstellar space in a paper, 28 
excerpts from which follow. 

Next, we must mention the role played by the line and continuous absorption 
of interstellar hydrogen and helium. This will depend on whether we are 
looking along the plane of the Galaxy or perpendicular thereto. 

Consider as an example the nebula and stars in the Orion region. Wade finds 
1.5 to 2 X IQ 21 neutral hydrogen atoms/cm 2 in line of sight in the region of 
X Orionisd 291 If we assume T — 100°K in the neutral hydrogen gas, it follows 
that the optical depth at the center of the line is about 10 9 and the profile of the 
Lyman-a absorption line is determined entirely by radiation damping. The 
line is totally black over a width of about 7 A and a line of sight velocity of 
about 700 km/sec would be required to displace an emission line from behind 
the black-out imposed by the interstellar Lyman-a absorption. 

The interstellar hydrogen would conceal any chromospheric emission from 
perhaps all but nearby (or high galactic latitude) stars moving with high radial 
velocities. Suppose that the average concentration of neutral hydrogen atoms 
in the neighborhood of the Sun is 0.1 /cm 3 . The optical depth to Sirius in the 
center of Lyman-a is 5 X 10° and the half-width of the interstellar absorption 
is about 0.4 A. Although the wings of the Lyman lines probably will not be 
strongly modified except in distant stars, the line cores will be affected. 

The absorption coefficient in the Lyman continuum may be computed 
roughly from 

a„ = 0.3 X 10 ' 

where is the frequency of the Lyman limit. In the region of Orion where 
the number of atoms in the line of sight is 1() 21 atoms/cm 2 , the optical depth 
would be 6000 at the Lyman limit, about 6 at 100 A and about 0.005 at 10 A. 
Hence X-rays could escape from the nebula. Next consider the neutral helium 
absorption. At the series limit a = 7.6 X 10" 18 , so that with a hydrogen/ 
helium ratio of 7, fM] the optical depth at X504 is 1000 and the optical depth in 
hydrogen is about the same. At higher frequencies the helium absorption 
gradually predominates over the hydrogen absorption. At 20 A, S. S. Huang 13 ' 1 
finds an absorption coefficient of about 0.0025 X 10“ 18 , and at 10 A we might 
expect this to fall to about a quarter of this value. The optical thickness at 
20 A is thus about 0.4 and at 11 A about 0.1., i.e., considerably greater than 
for hydrogen. [See Figs. 17 and 18.] 
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FIG. 17. Absorption of neutral atomic hydrogen and helium, 
expressed as relative optical depth r for a fixed geometric depth, 
as a function of wavelength. ( Courtesy of L. H. Alter and the 
Editor of the Publications of the Astronomical Society of the Pacific.) 

In the direction of the Crab Nebula we estimate from the 21.-cm data about 
10 20 atoms/cm 2 in the line of sight. Hence there should be no difficulty in 
detecting X-rays from the Crab Nebula provided they are emitted with a high 
intensity. We would not expect many regions of space to contain fewer than 
10 20 atoms/cm 2 in the line of sight. 

On the basis of the foregoing considerations we are forced to the unhappy 
conclusion that the neutral hydrogen in our solar system and in interstellar 
space will cause serious complications in the observations between the begin¬ 
ning of the Lyman series and the soft X-ray region. 

Even in the nearest stars, the profiles of the Lyman lines will be strongly 
affected by interstellar absorption, and there is almost no hope at all of getting 
any observations on the Lyman lines in gaseous nebulae or brightline stars. 

The strong Lyman continuum will effectively extinguish all the radiation 
beyond X912 except perhaps in the spectra of some of the nearest stars. From 
distant stars and gaseous nebulae we can hope to observe only radiation in the 
X-ray region. 

In connection with Aller’s review, the following more hopeful prospect 
should be noted. The width of the completely black center becomes 
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successively narrower for higher members of the Lyman series (see 
Spitzer above). Hence one should eventually reach a point in the 
series where the line width becomes sensitive to the total opacity and, 
further on, another point where the lines for separate gas clouds with 
different radial velocities might possibly he resolved. At small dis¬ 
tances, or in directions where the interstellar gas is less dense, this whole 
pattern would move in toward lower members of the Lyman series, a 
fact which seems to provide the possibility of probing the detailed 
structure of the interstellar hydrogen in the immediate surroundings of 
the solar system. It would be necessary to find a sufficient number of 
nearby stars with a strong enough continuum in the \912 to 1216 region. 
Since B stars are scarce and none are very close, probably stars of Type A 
and possibly h will have to be used, and their own very strong hydrogen 
absoiption lines may confuse the issue a little. Nevertheless, it should 
be possible to separate the two different contours. 



FIG. 18. Transparency of interstellar matter of average density 
smd composition, in the wavelength interval XlOO to 31,000. 
The heavy segment at X3000 to 20,000 is the part that has been 
observed from the ground; its positive slope corresponds to 
interstellar reddening by selective scattering. (Courtesy of 
A. I), Code . 16 and the Editors of The Astronomical Journal.) 
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There remains also the possibility of detecting emission-line radiation 
from molecular constituents of the interstellar gas or nebulosities in 
wavelengths from the infrared through the millimeter-wave band: for 
instance CH, NH, OH, and H 2 , the presence of some of which has so far 
only been suspected. Furthermore, such emissions would correspond 
to temperatures intermediate between the nebulosities from which 
visible or ultraviolet emission lines are observed and the neutral hydrogen 
sources of the 21-cm line (see Sec. 2.7, Radio Sources, below). 

2. Interplanetary or Circumterrestrial Hydrogen. Closely related to 
the problem of interstellar hydrogen is that of interplanetary or circum¬ 
terrestrial hydrogen. The rocket observations of Kupperian, By ram, 
Chubb, and Friedman 32 have revealed that the entire night sky above 
heights from 75 to 146 km is aglow with Lyman-a radiation, the total 
flux from the hemisphere amounting to about 10~ 2 erg per cm 2 per sec. 
So bright was the radiation that no celestial sources of Lyman-a could 
be detected through it. The source of this radiation is solar Lyman-a 
scattered by cold hydrogen gas, but it is not yet certain whether the 
scattering occurs predominantly in interplanetary space or in an extended 
hydrogen envelope around the Earth. Friedman originally inter¬ 
preted these results to mean that radiation is reaching us from a cloud 
whose neutral particle density is of the order of 0.2 per cubic centi¬ 
meter and which extends possibly several astronomical units away 
(1 A.U. = 1.5 X 10 13 cm). On this basis, one would expect at least 
10 12 to 10 13 neutral hydrogen atoms per square centimeter along the 
line of sight out through the solar system. More recent measurements 
of the solar Lyman-a profile by Purcell and Tousey 33 reveal a narrow 
absorption core (uncorrected half width ^0.05 A) superimposed on a 
broader one, corresponding to about 2 or 3 X 10 12 II atoms per cm 2 
column between the Sun and the terrestrial atmosphere at 100 km. 
Most of this hydrogen appears to be part of a geocorona, i.e., a circum¬ 
terrestrial cloud. 

The sky glow may mask the Lyman-a radiation from stellar and 
nebular sources unless the neutral hydrogen is telluric as suggested; in 
this case observations can be made from a satellite at sufficient altitude. 
Furthermore, later experiments have indicated that the profile of the 
intense Lyman-a emission is no wider than a few hundredths of an 
angstrom, so that it can be filtered out by simple means, thereby per¬ 
mitting the broader profile of galactic sources to be readily observed 
except for the excision of a very narrow core at the center of Lyman-a. 
Until the intensities and widths of the stellar and nebular Lyman lines 
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are measured, one cannot estimate how serious the masking effects 
will be. 

The considerations discussed in this section do not apply, however, to 
the Lyman continuum. Furthermore, they should not be confused with 
the effects of interstellar hydrogen discussed by Aller. 28 

3. Interstellar Dust. The scattering function of solid grains of radius 
a for impinging radiation of wavelength X is a function of the ratio 
a/\. For a/\ <§C 1, the function becomes the familiar A -4 law; but at a/\ 
near unity, the function becomes more complicated and may have a 
positive exponent (interstellar “bluing”). Figure 18 shows an estimate 
of the extinction in stellar magnitudes as a function of wavelength. 15 
In the wavelength region X > 3000, reddening occurs; in the region 
3000 > X > 1000, interstellar bluing occurs. Particles in the range 
0.1 to 0.5/1 distributed with a mean density of 10" 25 g per cm 3 account 
for observed reddening and extinction in the visible or near-visible 
spectrum. 

Theoretically, it should be possible to deduce the distribution of 
particle sizes from a detailed knowledge of this function. The actual 
distribution of particle sizes and number density is somewhat indetermi¬ 
nate, not only because various combinations of these produce nearly 
indistinguishable effects, but also because the scattering coefficient 
depends on the index of refraction of the material, about whose nature 
we can only make plausible guesses. The dependence of the scattering 
coefficient upon wavelength is deduced by comparing the spectral 


energy distributions of reddened and unobscured stars of the same spectral 
class. The extension of the reddening curve into the ultraviolet would 
give considerably more leverage on the problem of determining particle 
sizes and indices of refraction of the scatterers. Ultraviolet multicolor 
photometry is therefore a promising field of investigation for learning 
about the nature and origin of the interstellar grains. It is an equally 
important part of the study of gaseous nebulae; much of the uncertainty 
regarding the composition and temperature of these objects rests upon 
adequately determining the extent of interstellar reddening, because 
the absorption alters the relative intensities of nebular emission lines 
in different parts of the spectrum. Furthermore, the total extinction of 
integrated starlight in a particular wavelength interval is related to the 
interstellar reddening coefficient in a simple way, so that once the 
reddening is known, it is possible to apply the extinction corrections 
which are necessary to obtain the correct relationship between apparent 
brightness, absolute luminosity, and distance. 



378 


THE STARS 


The intensity or surface brightness of the weak thermal radiation from 
the interstellar dust clouds would, if detectable, be a valuable datum 
because it would provide another relation between the total cross section 
of the dust particles in the line of sight and the temperature. 


2.6 External Galaxies and Intergalactic Matter 


This subject is so enormous that it will be possible only to touch upon 
a few topics to put possible investigations in their proper context. 

The Universe, as far as it is accessible to observation with the most 
powerful existing instruments, is populated throughout with galaxies. 
Although the distribution of the galaxies is by no means uniform, but 
suggests a hierarchy of clustering, their smoothcd-out number density can 
be estimated at about 1 per cubic megaparsec (1 parsec = 3 X 10 18 cm). 
This means that something like 10 8 galaxies should be observable with 
present telescopes. Thus number density corresponds to a mean 
matter density of the order of 10“ 28 g per cm 3 , or 1 hydrogen atom per cm 3 . 
Although most astronomers think of the reaches of intergalactic space 
as being nearly void, it must be conceded that the enormous volume of 
space concerned could be occupied by very tenuous matter that would 
add up to a very large mass, without necessarily revealing its presence 
in any conspicuous way. There is some evidence that intergalactic 
matter is in fact present. Since the mean density of matter in the 
Universe is a datum of fundamental significance to cosmology, especially 
that dealing with relativistic models of the Universe, it becomes extremely 


important not only to establish the statistics of galactic distribution and 
mass (which involves pursuing all leads to uncover the presence of 
invisible matter inside of galaxies) but also to detect further evidence 


of matter between the galaxies. 

As mentioned in the discussion of stellar populations above, galaxies 
are classified into morphological types: Irregular (Population I?), 
Elliptical (Population XI), and Spiral, including the subtype Barred Spiral 
(both populations). (See Figs. 3 to 5.) Only the nearest galaxies 
can be resolved into stars with earth-bound telescopes; the population 
analysis of the more remote ones must be inferred from such data as 
color, surface brightness, etc. The masses of some of the galaxies may 
be estimated from their rotation and internal motions. Statistical 
inferences may be made for some others from their motions and distribu¬ 
tion in clusters of galaxies. As in the ease of individual stars, the ratio 
of luminosity to mass is a piece of information very useful in the typing 
of galaxies, estimating age and the effects of age, and the like. Since 
our present view of the more remote objects refers to a much earlier 



GALACTIC AND E X T R A G A L A CTI C ASTRONOMY 


379 


time, there is some hope that a more detailed study of the remote galaxies 
will lead to an actual time sequence of stellar populations. 

It is a commonplace that the radiation from distant galaxies shows a 
systematic red shift that increases with distance. The increase is more 
or loss linear for the closer ones, where one has more confidence in the 
distance scale. This confidence has been shaken several times in recent 
years by several discoveries, each tending to show that the galaxies are 
more remote than had been thought. The Hubble constant of expan¬ 
sion has been successively revised downward from nearly GOO km per sec 
per megaparsec to about 100 or perhaps even less. The phrase “ expan¬ 
sion constant” arises from the widely held view that the red shift is a 
genuine Doppler shift produced by the galaxies, all receding from us and 
from each other. Whatever the cause of the observed red shift, it 
furnishes the only hope that cxtragalactic radiation in the Lyman series 
and continuum will not bo blotted out by our own interstellar hydrogen. 

The following excerpt is taken (with minor revisions in brackets) from 
a contribution by A. B. Meinel. 34 


The opacity of interstellar hydrogen to light in the Lyman region, while a 
hindrance to stellar observations, will make galaxies objects of great interest. 

o 

The light shorter than 912A from the stars within a galaxy will be completely 
absorbed by that galaxy’s own interstellar medium and scattered as discrete 
line emissions of the hydrogen atom. The scattered Lyman series lines will be 
rescattered until all of the radiation is converted into Lyman-a and emission 
lines of the Balmer and higher level series. 

The successive scatterings of the Lyman-a quantum will continue, less 
inelastic encounters, until the Lyman-a radiation finally escapes from the 
fringes of the galaxy. The number of quanta that survive depend upon the 
inelastic collisional cross section of the interstellar dust. It may he that little 
Lyman-a radiation can survive traversal of a galaxy. If intergalactic space 
is relatively free from neutral atomic hydrogen, the Lyman-a radiation emitted 
by the galaxy will arrive at our Galaxy, if the galaxy under observation is 
sufficiently distant to produce a red-shift of about 1000 km/sec, the radiation 
will penetrate into our Galaxy and arrive at the solar system. 

The study of galaxies [in the spectral region X > 1.215 A] should yield con¬ 
siderable knowledge about the distribution of gas within galaxies. Galaxies 
should be quite conspicuous objects, whose spectra show a rise in intensity well 
above the [continuum on the long-wavelength side of the spectrum cutoff]. All 
of the starlight from the stars in the galaxy shorter than 912A has been con¬ 
verted (less inelastic encounters) into one spectrum line. 

In detailed study, galaxies may prove as interesting emission objects as are 
planetary nebulae. The similarity, but on different, seale, to the planetary 
nebulae is obvious. 
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In the field of statistical studies, it will be interesting to look for galaxies 
free of interstellar hydrogen, for instance those that recently experienced a 
collision with a neighbor. If such occurrences are as good a “sweep” as we 
now suspect, we may find intergalactic emission clouds of hydrogen with no 
stars embedded. Such clouds would be rendered visible only by scattering of 
Lyman-o; emitted by neighboring galaxies [except perhaps for a brief interval 
after the collision]. 

In the case that a distant galaxy did produce a continuum shorter than 
A1215 in its own velocity system, either due to free-bound transitions in the 
outer layers of its interstellar medium or due perchance to the absence of an 
interstellar medium, in which case the individual stars might contribute to 
such a continuum, it might be possible to study the distribution of intergalactic 
hydrogen by observation of the absorption profile if it is [also] red-shifted to the 
long side of X1215 (terrestrial wavelengths). 

Population differences in distance galaxies could be studied by observing the 
strength of the Lyman-a bump near the short wavelength end of the galaxies’ 
spectra. If hot stars are reasonably abundant (Population I) then considerable 
energy is available in the starlight with A < 912A to form the Lyman-a bump. 
If the galaxy is free of dust and gas [no bump would form;] or [if the galaxy] 
is composed of Population II, even though it still might be optically thick in 
hydrogen, very little energy is available to form the Lyman-a bump. 

2.7 Radio Sources 

In this section we are concerned with the spectrum of the cosmic radio¬ 
frequency radiation and the spatial distribution of its sources. 35 There 
are several components to cosmic radio-frequency radiation: galactic 
radiation, extragalactic radiation, and discrete sources of several kinds 
(radio stars). The diffuse galactic radiation is typically concentrated 
toward the plane of the Milky Way and to a lesser degree toward the 
galactic center in Sagittarius. The extragalactic radiation is more or less 
isotropic, although in low galactic latitudes it is difficult to disentangle 
from the galactic radiation. 

The discrete sources are distributed nearly isotropically also, but it 
seems likely that they are a mixture of galactic sources showing some 
concentration toward the galactic plane and extragalactic sources 
showing no concentration. The majority of that small proportion of 
the discrete sources that have been optically identified are associated 
with nebulosity in violent commotion. Some of these sources are galac¬ 
tic (old supernovae like the Crab Nebula or peculiar nebulosities), and 
others are extragalactic (galaxies in collision and other peculiar galaxies). 
Some extragalactic discrete sources appear, however, to be normal 
galaxies when viewed optically. One strong galactic source, Sagittarius 
A, although not visible, coincides with the center of our Galaxy. 
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Although the continuous background radiation is known to be a mixture 
of thermal and nonthermal radiation, the mechanism of its origin and 
the nature of the bodies emitting it are not known. For instance, we 
do not know whether it originates in an extended source or is a blend 
of unresolved, faint, discrete sources. The total radiation received at 
the Earth is surprisingly intense, about 10 4 times that of the Sun (at 
the low-frequency end). By contrast the total optical radiation from 
the stars (received at the Earth) is of the order of 10~ 8 that of the Sun. 
The equivalent temperature of the radiation is over I00,000°K at the 
lowest frequencies for which there are unambiguous observations (about 
10 Me), and Reber’s and Ellis’s temperatures derived from still lower 
frequencies are even higher 1 (see Fig. 19). The temperature and intensity 
fall with increasing frequency, and at the highest frequency that has 
been measured (8000 Me or so) 36 the temperature is a few degrees 
absolute and the intensity almost unobservably low. 

The implications of these studies for the structure of the Galaxy and 
of the observable universe are obvious. There remain many studies 
that can be most easily pursued from the ground. As for radio studies 
in space, one might infer from the very low intensity of highest-frequency 
observations that there is perhaps not too much to be gained by attempt¬ 
ing for the present to push beyond the short-wavelength atmospheric 
cutoff ('-"-4 mm). But the long-wavelength end of the spectrum is 
another matter (15 m or 20 Me). Aside from the striking results of 
llcber and Ellis, 1 we have no data for frequencies lower than 9 Me. 
Above our ionosphere, it should be possible to reach a limit somewhere 
in the neighborhood of 100 kc. If there are as many as 600 electrons 
per cm 3 in the interplanetary space immediately around the Earth, as 
some recent results seem to indicate, the cutoff will be as high as 220 kc. 
In any case, the cutoff frequency will be a datum useful for investigating 
circumterrestrial electron densities. If the density is less than 600 per 
cubic centimeter, or if the electron cloud is merely a halo around the 
Earth so that it can be surmounted by a high enough orbit, the next 
absorption limit one would expect to encounter is that of the interstellar 
electron clouds. Not much is known about their densities except in 
regions exposed to ionizing radiations from hot stars. Since the clouds 
are concentrated toward the galactic plane, the absorption would set in 
there at a higher frequency than toward the galactic poles. According 
to Haddock’s estimate, 35 this would show up in the radio spectrum as an 
intensity maximum near the point where the absorption becomes notice¬ 
able, and this maximum would occur at frequencies which would decrease 
with increasing galactic latitude (see Fig. 19). 



BRIGHTNESS TEMPERATURE 



FIG. 19. Cosmic radio background brightness, (lie.produced 
from 11 Final Report—Astronomical Experiments Proposed for 
Earth SatellitesUniversity of Michigan Research Inst., Novem¬ 
ber, 1958, p. GO.) 
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3. RESEARCH PROBLEMS 

3.1 Short-wavelength Photometry and Spectroscopy 


As with observations in the conventional spectral region from 0.3 to 1 n, 
research in the ultraviolet and shorter wavelengths will range in disper¬ 
sion from undispersed images in integrated light at one extreme to the 
greatest possible resolution at the other. As in conventional observa¬ 
tions, the dispersion employed will depend on the particular problem: 
integrated images for astrometrics, multicolor photometry for color 
temperature and interstellar reddening, high-dispersion spectra for 
detailed astrophysical studies, etc. 

Logically, perhaps, studies using integrated images might be discussed 
first, but we shall postpone them because the problems in that field are 
somewhat different from those treated by spectral studies (see Sec. 3.4, 
Iligh-resolution Astrometry). 

1. Broad-band Survey for Reconnaissance and for Rough Spectro - 
photometry. One of the first types of investigation that is needed is a 
reconnaissance of the whole sky in limited bands of short-wave radiation 
inaccessible from the ground. Such a survey would not only be relatively 
easy to perform compared with other experiments at the present state 
of the art, but would provide a broad view of the spatial and frequency 
distribution of the sources and would also approximately locate the 
regions or objects of greatest interest for later more detailed study. It 
would serve simply to indicate “what is there.” 

It is not essential that such a survey be very elaborate or that the 
angular resolution be high. Although the resolution should be as high 
as practicable, very valuable information would be obtained from 
relatively crude systems, say, an angular photometer aperture of several 


degrees, several passbands with width AX/X of the order of 1/10, and a 
scan provided by the spin and wobble of the satellite. The example of 
the NRL rockets has shown that, starting with only a rough knowledge 
of the orientation of the satellite as a function of the time, it is possible 
to reconstruct a fairly precise orientation from the signals recorded 
from known objects or regions; this principle has also been used in the 
first meteorological satellite (Vanguard II). Both as an aid to identi¬ 
fication and as a means of relating the radiation intensities to known 
standards, it would be well to include a photometric band in the visible 
region. Photocell instrumentation to monitor the orientation of the 


satellite axis relative to the Sun is also easily 


possible. 


Such an exploratory survey, besides being useful for purely mapping 
purposes and for planning future detailed experiments, would yield 
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immediate information of great importance for astrophysics. It would 
be possible to separate the contributions of the extraterrestrial sources 
of radiation to the brightness of the sky, once the components of the 
atmosphere (scattered sunlight, moonlight, and to some extent starlight, 
airglow, permanent aurora, etc.) have been eliminated. These extra¬ 
terrestrial sources are distributed very differently on the celestial sphere 
and in wavelength. For instance, the solar corona is approximately 
circularly symmetrical around the Sun. The zodiacal light (which some 
regard as an extension of the outer corona) is symmetrical with respect 
to the ecliptic and concentrated in celestial longitude toward the Sun. 
The contributions of integrated starlight (except external galaxies), 
individual bright stars, reflection (dust) and emission (gas) nebulae are 
all concentrated toward the galactic equator, but in varying degrees, and 
local variations in intensity as well as in the spectral distribution can be 
expected to be quite different. The contribution to the sky surface 
brightness of the extragalactic nebulae will be more or less isotropic, 
except for a zone of avoidance centered on the galactic equator where 
the radiation is absorbed by galactic clouds. The extragalactic surface 
brightness, as pointed out by Baum, is a special case of Gibers’ paradox, 
which asks why the sky is not as bright a surface as the stars (here, 
galaxies). 

In addition, a coarse survey such as that suggested would provide 
important astrophysical data relevant to the following problems which 
were discussed in Sec. 2: 

a. The extension to the ultraviolet and X-ray regions of stellar multi¬ 
color photometry, as a rough measure of the ultraviolet color temperature 
of the stars and of interstellar reddening. 

b. The distribution and opacity of interstellar neutral hydrogen and 
helium (in the absence of total absorption) by means of measures at 
X1216 (Lyman-a), X912 and shorter (Lyman continuum), X584 (resonance 
line of He I), X504 and shorter (He I continuum), and X304 (resonance 
line of He II). These radiations should be included in the first survey, 
even though the probability of observing them is low. 

c. The mapping of bright nebular emissions, at least in the spectral 
region XI215 to 3000. 

From the standpoint of reconnaissance, such a survey would serve to 
guide the selection of a new set of narrower bands for the next series of 
ultraviolet studies. 

The following wavelengths have also been proposed for the reasons 
stated: 
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XI200 for the resonance lines of N I, but this must be separated from 
Lyman-a 

X1302 to 1306 for the resonance lines of O I 

X1225 to 1350, broken down into narrower bands in order to obtain a 
more detailed spectral distribution of the radiation discovered by NRL 
investigators in Virgo and Orion 1617 
XI000, between Lyman-a and Lyman-# 

X2700 in the near ultraviolet, but well to the short-wavelength side of 
the heavy Balmer continuous absorption 

X2100 to 2200, immediately to the long-wavelength side of the point 
where heavy molecular absorption begins in the spectra of stars of Type G 
and later (6000°K and cooler) 

X1900, in a molecular absorption band of cooler stars 
Suitable standard U, B, V detectors to calibrate the ultraviolet pho¬ 
tometry and to help identify stars of known color picked up in an unpre- 
cisely controlled or completely uncontrolled scan 


The accuracy of pointing and the degree of directional stability deter¬ 
mine (1) the narrowest slit width that can be used or the minimum blur¬ 
ring in a slitless spectrum and (2) the length of time that a star image can 
be kept on the slit. The use of slits or slitless spectra of high dispersion 
will require long exposures or integration times, and thus a slow scan rate 
and correspondingly high directional stabilization for the duration of 
the scan. In an uncontrolled scan, resolution may be somewhat better 
than the estimate AX/X ^ 0.1 given above; but for a real jump in spectral 
resolving power, accurately stabilized orbiting telescopes with large light¬ 
gathering power that can be pointed on command will be required. 
Designs for such instruments are being developed at several institutions, 
among which are the University of Wisconsin (Code), the Goddard 
Space Flight Center (Kupperian), the Princeton University Observatory 
(Spitzer), the Smithsonian Astrophysical Observatory (Whipple), and 
the Association of Universities for Research in Astronomy (Meinel). 

Broadly speaking, three classes of investigation can be distinguished: 
(1) a survey of the whole sky with objective-prism or objective-grating 
spectra, with a resolving power of the order of 10 A, (2) detailed spectral 
scans of individual objects, initially with a resolving power of considerably 
better than 10 A and possibly as fine as 2 A, (3) spectra to the limit of 
the instrumental resolving power. The corresponding requirement for 
the precision of pointing and maintaining direction would be of the order 
of minutes of arc for the first of this series, and 0.1 second of arc for the 



386 


THE STARS 


last, in order to equal earth-bound standards. One may imagine a con¬ 
tinuous refinement of all these specifications in successive investigations. 

The objective-prism spectral survey may be regarded in some ways as 
an ultraviolet survey of greater refinement than the broad-band survey 
discussed above and would serve the following purposes: (1) ultraviolet 
spectral classification, as a guide to more detailed researches and to 
reveal features unsuspected from the visual spectrum, (2) a search for 
population-linked spectral characteristics among the absorption features 
of elements heavier than He, (3) a mapping of the more conspicuous 
nebulosities. 

Another exciting prospect offered by objective-prism surveys has been 
pointed out by Greenstein. 22 This would be the revelation as to whether 
other stars than the Sun exhibit striking temperature inversions in their 
atmospheres. As described in Chap. 17 (The Sun), the temperature of 
the Sun at first decreases steadily outward from a central value of about 
15 million degrees Kelvin to about 4500°K at the top of its photosphere. 
Thereafter the temperature rather abruptly begins to increase and soon 
reaches a value on the order of a million degrees in the corona. The 
photosphere emits a continuous spectrum which, in the ultraviolet, 
decreases in intensity with decreasing wavelength and fades out almost 
entirely beyond 1600 A. At shorter wavelengths the solar spectrum 
consists almost entirely of bright emission lines originating in the hot 
outer envelope of the Sun. The survey could answer the question as to 
whether the phenomenon of the corona is common or confined to rela¬ 
tively few stars. 

2. High-dispersion Studies of Single Objects. Problems of the same 
general type as those mentioned above would be pursued in greater detail 
in investigations using the highest possible dispersion. With greater 
resolving power, however, other possibilities can be realized, for instance, 
the analysis of the physical state, structure, and abundances, in 
stellar atmospheres, in emission nebulae, and in interstellar matter. 
For stellar atmospheres, one would sample the principal spectral 
types. 

The details which astronomers hope to find by such studies were out¬ 
lined in Sec. 2. In regard to the emission nebulae, at least in the case 
of those nebulosities whose details are small and sharp, it would be 
feasible to employ slitless techniques; this depends on the degree of 
overlap between neighboring emission features. In any case it is 
probably not necessary to use as high resolution as for the stellar spectra, 
at least in the earliest investigations. Aller 37 has selected the following 
nebulae as a representative sample for early investigations: Orion, 
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Spica, the “Gum” Nebula, and Eta Carinae. Planetary nebulae would 
also be studied (see Fig. 3). 

The following contribution from Spitzer 27 discusses the present tech¬ 
nical feasibility of such investigations: 

While an instrument capable of such measures is necessarily somewhat 
complicated, a satellite telescope capable of measuring interstellar absorption 
lines does not require any completely new techniques. Systems for pointing 
the telescope by remote control are being worked for balloon-launched instru¬ 
ments. The spectrum can be measured with conventional photoelectric cells, 
scanning limited regions of the spectrum at a very slow rate (0.1 A per minute). 
The problems of data storage and telemetering are well within the capabilities 
of existing systems. Reflectivities of available surfaces would make possible 
accurate ultraviolet spectral photometry for stars of high surface temperature 
down to the 5th magnitude, with a telescope of 24-inch aperture, and for wave 
lengths longer than about 1200 A. For wavelengths between 900 and 1200 A 
brighter stars would be required, unless more highly reflecting coatings in these 
wavelengths can be developed for the telescope mirrors. 


3. Line Profiles. With the kind of spectral resolution that is possible 
in such refined experiments, the profiles of stellar and interstellar absorp¬ 
tion lines are not beyond reach. Preliminary investigations in this field 33 
have dealt with the complicated profile of Lyman-a in the solar spectrum, 
which has superimposed on it the narrow absorption line of interplane¬ 
tary hydrogen, from which its temperature and the number of atoms 
per square centimeter in the line of sight may be inferred. Similar 
studies of stellar and interstellar absorption lines will eventually be 
possible, which will help unravel the several parameters that affect the 
line profile: temperature, density, the number of atoms in the line of 
sight, turbulent-velocity distribution, the mechanism of radiation 
transfer, etc. If interstellar hydrogen proves to be so abundant that 
profiles of even the higher members of the Lyman scries in stars are 
completely absorbed, the method will still be applicable to less abundant 
elements. 


4. X-ray and Gamma-ray Surveys. The detection and study by 
Friedman’s group of X rays emitted by the quiet corona 21 and of X rays 
of much greater intensity from active regions associated with flares have 
lent support to the surmise by Greenstcin 22 that since the Sun appears to 
be in no way an unusual star, most stars may have solar-type coronas 
and be characterized by activity of the solar type (see Chap. 17, The 
Bun). It is suggestive that among the red dwarfs at the faint end of the 
main sequence, one finds “flare stars” which, from the spectroscopic and 
photometric evidence available, appear to exhibit much the same sort 
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of activity as the Sun. Relative to their own total brightness, their 
flares are more conspicuous than those on the Sun. 

Solar X radiation appears to be of two chief distinguishable types: (1) 
as yet unresolved resonance lines of multiply ionized metals (Fe, Ni, 
Ca, etc.) in the million-degree corona and (2) bremsstrahlung produced 
by electrons that have been accelerated to the appropriate energies by 
fluctuating magnetic fields. Since the high temperature of the corona 
may be at least in part the result of magnetic activity and in part the 
result of the degradation of turbulent energy, X-ray-producing phe¬ 
nomena may well be expected in all normal main-sequence stars. The 
low sensitivity of present-day X-ray detectors and the somewhat primi¬ 
tive state of image-forming optics in this spectral region limit our present 
capacity to pursue these expectations. 

In the gamma-ray spectrum of cosmic origin, there are two energy 
ranges of interest. 38 Gamma rays in the first region, 0.2 to 5 Mev, result 
from the radioactive decay of excited nuclei, fusion of light elements, and 
possibly electron-positron annihilations. Gamma rays in the second 
region, 50 to 200 Mev, should result from the decay of neutral x-mesons 
produced in nuclear interactions with high-energy particles and from 
the annihilation of matter and antimatter. The latter high-energy 
range is of great immediate interest because the hope of finding some¬ 
thing is much more definite. 

The 100-Mev gamma radiation is expected to originate in the same 
regions in which cosmic rays are produced, namely, regions where hydro- 
magnetic turbulence accelerates charged particles to very high energies 
in the presence of gas or dust. Examples of regions where such condi¬ 
tions probably exist are solar flares, old supernovae like the Crab Nebula, 
our Galaxy as a whole but particularly the nucleus (identified by some 
with Sagittaiius A 39 ), other galaxies (e.g., M31), and galaxies in collision 
(e.g., Cygnus A). Furthermore, since turbulent hydromagnetic regions 
also generate nonthermal radio noise through the synchrotron radiation of 
energetic electrons, one might expect such radio sources (whether identi¬ 
fied optically or not) to emit gamma rays whose characteristics should 
help us understand the physical nature of these sources. These same 
sources may be expected to emit X rays. 

Because gamma rays are not deflected by magnetic fields and because 
they have great penetrating power, the direction of their arrival will 
indicate the direction of the source. Because the mass absorption 
coefficient of 100-Mev gamma rays is less than 0.01 cm 2 per g for most 
substances and because the line of sight from the solar system to the 
far rim of the Galaxy beyond the nucleus contains probably less than 
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1 g per cm 2 of gas and dust, the gamma rays will be only slightly attenu¬ 
ated. Tenuous matter in the solar system would have practically no 
effect. On the other hand, it would be necessary to observe from a point 
high enough above the Earth to make the residual higher atmosphere 
much less than 1 g per cm 2 in order to avoid excessive absorption of the 
gamma radiation and to minimize the cosmic-ray “albedo/ 7 

The first such experiment (proposed by Rossi and Kraushaar 38 ) would 
be relatively coarse as to angular resolving power and counting rate. 
Its instrumental design will be guided by balloon and rocket results. 
Provision would be made in the instrumentation for narrowing the cone 
of acceptance by suitable shielding and for identifying the gamma rays 
and distinguishing them from high-energy-particle radiation. Like the 
ultraviolet-X-ray survey discussed earlier, it will serve to map the gamma 
radiation from the whole sky and to locate regions of particular interest 
for later detailed study in a second-generation experiment. 


3.2 Infrared Investigations 

At the outset, it should be emphasized that the potentialities for 
investigation from the ground or at least from balloon altitudes through 
the partially transparent atmospheric windows in the infrared between 
0.8 to 24 fx are far from being realized, and it would probably be unwise 
to mount elaborate satellite-borne experiments before these possibilities 
are exhausted. Furthermore, the nonavailability of sensitive receivers 
is at present probably a greater obstacle than the atmosphere. For 
these reasons, only a rather perfunctory survey of some possible infrared 
investigations will be made here. 

A black-body temperature of 3500°K corresponds to peak intensity 
of about 0.8 ju near the somewhat indefinite boundary between the visible 
and infrared spectral domains. This immediately tells us that we shall 
be chiefly concerned with objects cooler than 3500°Iv. We are also 
concerned with possible sources of nonthermal radiation in the infrared 
and with particular spectral features occurring in the infrared. To this 
must be added the possibility of attempting to observe sources whose 
visible and shorter-wavelength radiation is heavily obscured by inter¬ 
stellar dust clouds but which emit enough infrared to penetrate them. 
The following is a sample listing of some of the types of sources or of 
investigations falling into the categories mentioned: 

1. Infrared radiation of ordinary stars of spectral types M, S, late R, 
and N, ranging from about 3500°K for dwarf M stars to possibly below 
2000° for the coolest N stars. These temperatures, at least for the 
coolest stars, are somewhat artificial constructs based on the spectrum 
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in the visible region which is subject to heavy absorption by molecular 
bands in the blue-violet range, thus making the stars redder and there¬ 
fore apparently “cooler. 7 ’ This situation leads to erroneous “infrared 
temperatures,” like the ultraviolet extrapolation for the very hot O-B-A 
stars. 

2. Obscured Population II regions, like the galactic center which was 
the subject of a pioneer investigation by Stebbins and Whitford. 40 
The rich infrared radiation seems to originate in the denser-than-average 
cloud of Population II red giants, probably predominantly type K, as in 
the similar globular clusters. These would then average perhaps some¬ 
what hotter than 3500°K, but their visible radiation is almost completely 
obscured. It is also possible that there is some other source of infrared 
radiation in the galactic center, connected with the discrete radio source 
Sagittarius A, which has recently been tentatively identified as the 
galactic nucleus itself. 39 

3. A search for “dark objects” of possibly three general types: (a) 

More or less normal stars cooler than the coolest in the usual spectral 
classification scheme, i.e., cooler than gM8 and N5, or about 1000 to 
1500°K. The huge invisible component of e Aurigae might be such an 
object. ( b ) Other less definitely stellar objects, like protostars inter¬ 
mediate in character and temperature between the globules of dark 
matter seen in silhouette here and there in the Milky Way and a full- 
fledged star. The effective radiant temperature of such an object might 
lie almost anywhere in the range from, say, 100 to 1000°K. (c) Cooled- 

off ex-white dwarfs at any temperature down to that in equilibrium with 
its surroundings. These will probably be extremely rare, as well as hard 
to detect, in view of the small number of known white dwarfs and the 
fairly long cooling times mentioned above. 

4. The thermal radiation from interstellar dust clouds, whose tempera¬ 
ture in equilibrium with the average, dilute, interstellar-radiation field 
is thought to be of the order of 100°K. 

5. Emission-line spectra from such molecules in the interstellar gas 
as CH, NH, OH, H 2 , etc., under favorable conditions of temperature and 
optical depth. 

6. The possible remote cosmic background of radiation from galaxies 
with very large red shifts. 

7. Detailed studies of the infrared spectra of normal stars cool enough 
for such molecules as H 2 0, CH 4 , etc., to exist in their atmospheres. 
Attention would be concentrated in the region 7 to 30/n 

8. Detailed studies of peculiar stars, where there is some reason to 
suspect that the infrared spectrum will elucidate their peculiar behavior. 
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An example of this category is the R Coronae Borealis class of variable 
stars. Every few years these stars suddenly and unpredictably drop 5 
to 8 magnitudes in the visible region for time intervals of the order of 
weeks. One of the explanations tentatively advanced in the past is 
that an obscuring cloud of solid particles, possibly of carbon, condenses 
in the outer atmosphere: the operation of such a mechanism is far from 
clear, but if this is the cause, it should be accompanied by the formation of 
many types of molecules. 

The following very short table of temperatures and corresponding 
wavelength of the maximum spectral intensity may be of some help in 
considering these types of investigations: 


Typical objects 

Tomperature, °K 

* 

Wavelength, n 

Obscured Type II gK 

a oao 

0.7 

Ordinary cool stars 

3000 

1 . () 

Extraordinarily cool stars 

2000-1000 

1.5-3.0 

Protostars, etc. 

500 

6.0 

Interstellar dust 

100 

30 


A search for several of the listed categories would involve some sort of 
survey covering the sky. It should be noted that the detection of the 
feeble thermal radiation from interstellar dust or from the hypothetical 
cosmic background is far beyond the capacity of present-day detectors. 
Although most of the wavelength regions listed in the table are observa¬ 
ble from the ground or from balloons, satellite altitudes may be necessary 
to get above the airglow. 


3.3 Radio-frequency Studies 

The types of problem for which radio-frequency studies would provide 
data were outlined in See. 2. In the earliest experiments, probably no 
attempt to measure the directional distribution of radio sources can he 
seriously contemplated at frequencies in the range of a few tens of kilo¬ 
cycles to a few megacycles. With a very simple receiver and a proper 
choice of orbits, however, it should be possible to locate the low-frequency 
cutoff which may be determined by (I) a geocorona of free electrons sur¬ 
rounding the Earth, (2) an interplanetary electron cloud which may be 
thought of as an extension of the solar corona, or (2) the electron com¬ 
ponent of the interstellar clouds in the local spiral arm or a more general 
gala,(‘.tic halo. The shape, size, and electron density of these structures 
are at present hardly more than conjectures. 
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Rudimentary but important information can be acquired with satellites 
or space probes to determine the low-frequency cutoff and hence the 
integrated electron concentration between it and cosmic radio sources 
or the Sun (see Fig. 19): (1) by going out several Earth radii on eccentric 
Earth-centered orbits to investigate the hypothetical geocorona—its 
extension and possibly asymmetry between the sides toward and away 
from the Sun; (2) by launching probes in eccentric circumsolar orbits 
in or near the ecliptic plane, or in highly inclined orbits, to map the 
electron component of the interplanetary medium in the inner part of 
the solar system. This simple class of experiments would also, of course, 
detect variations of the low-frequency cutoff with time and possible 
correlations with solar activity or phase of the solar activity cycle. In 
fact, these data would be gathered by the same probes or satellites 
designed to measure the low-frequency end of the spectrum of solar 
bursts (see Chap. 17, The Sun). 

Moderately directional antenna would be required in a slightly more 
sophisticated experiment to determine the low-frequency cutoff as a 
function of galactic latitude (and possibly longitude) using extragalactic 
radio-frequency emitters as a source. 

Eventually, high angular resolving power will be desirable in order to 
go beyond simple spectral intensity measurements of the integrated 
cosmic radio noise. For the frequency range contemplated, this will 
require very large antennas several kilometers across. Various schemes 
for unfurling long wire or mesh antennas from satellites and keeping 
them spread out in the correct configuration are under study. 41 In the 
event that it ever becomes feasible for man to establish a base on the 
Moon the possibility has been raised of building very large arrays on the 
far side, shielded from radio interference of terrestrial origin. 

Large rigid antennas with high angular resolution located outside the 
ionosphere would also be extremely useful at higher frequencies, say, 
10 to 1000 Me. The angular resolving power at these frequencies is 
limited at the Earth’s surface not by the antenna size but by the “poor 
radio seeing.” The different paths of the rays arriving at a large antenna 
go through regions of the ionosphere of sufficiently different refractivity 
to destroy the sharpness of the focus. 42 

In discussing the measurements of galactic radio emission at frequencies 
lower than the ionospheric cutoff, Reber 43 pointed out that although man¬ 
made interfering signals and strong terrestrial atmospherics will be 
shielded from the observing satellite receiver at wavelengths of a few 
hundred kilometers (/ < 3 kc), 
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another kind of phenomenon will be encountered, probably in copious amounts. 
1 his is Cherenkov radiation produced in the region from a few hundred to 
several thousand kilometers. It is caused by low energy particles traveling 
through regions of very high refractive index. The phenomenon was observed 
strongly during 1958 at 578 and 2100 meters wavelength (520 and 143 kc). 
During 1955 it was much less prevalent. Apparently this nuisance rises and 
falls with solar activity. On this count, also, long wave radio astronomical 
observations will probably be most successful near solar activity minimum, 
even with the use of space vehicles. 

(The possibility of launching devices to probe directly interplanetary 
electron concentration and its variation with time and location and to 
detect the hypothetical electromagnetic “cavities” responsible for the 
trapping of cosmic rays is discussed in Chaps. 13-15.) 


3.4 High-resolution Astrometry 

The following discussion is from Meinel 

The preceding discussion has treated the astrophysieal properties of radia¬ 
tion. It is not inconceivable that the satellite telescope will progress in time 
to a point wherein the theoretical resolving power of the telescope can be 
achieved. The greater intrinsic accuracy offered by a high resolution tele¬ 
scope, unaffected by the atmosphere, would open many new fields for explora¬ 
tion. It is correct that optically perfect resolution can be gained from balloon- 
borne telescopes. The projects now unfolding in this line are of great 
importance; they are limited, as are rockets, however, to occasional short 
glimpses of the sky. Only when optically perfect resolution can be had from a 
semi-permanent installation above the atmosphere can high angular resolution 
studies be pushed into the rich field of research that will be dependent upon 
resolution. 

One of the most important gains attendant to an increase in angular resolu¬ 
tion is the limiting magnitude of the telescope. On Earth one builds very 
large telescopes at considerable expense only to gain a single magnitude. In 
space one can quickly gain five magnitudes by utilizing a star disc 0.10 second 
of arc diameter as contrasted to the 1.0 second of arc diameter of a terrestrial 
telescope. 

The exact gain to be had from increased angular resolution depends upon the 
detector. If a device is used having a two-dimensional display, e.g., a photo¬ 
graphic; plate or an image orthieon, the resolution of the detent tor must be 
greater than the size of the image in order to distinguish it with full accuracy 
above the sky background. If the detector is one-dimensional, as a photocell, 
the size of the diaphragm must be reduced in accordance with the angular 
resolution to make a gain in a signal-to-sky. 
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If we want to use small mirrors (<40-in. aperture) and still to take 
full advantage of the intrinsically higher resolving power and smaller 
image size of the order of magnitude mentioned (that is, at least 10:1 
better than images made at effective wavelength X4300 with conventional 
equipment), we must solve another problem. 

To reach a wavelength as short as X430 (ten times the angular resolu¬ 
tion requires working at one-tenth the wavelength, other things being 
equal), the equipment must remain for extended periods above 300 km, 
below which the atmosphere is still somewhat opaque. Actually, if 
one aims for X430, one must go much farther, because of the interstellar 
hydrogen and helium absorption in the wavelength range 50 to 912 A. 
But at X < 50 A, we are already in the X-ray region where conventional 
photographic optical techniques break down. A present serious tech¬ 
nical barrier is the low reflectivity in the X-ray region of most known 
material from which mirrors might be made. A high-resolution detector 
carried in the focal plane on precision ways, like a measuring engine, or 
an image tube with electronic scan might be adapted to measure the 
coordinates of sharp X-ray images. Any astrometric device naturally 
demands that the telescope be pointed and guided with a precision equal 
to that of the angular resolution of the images. 

Examples of the types of investigation that come under the heading of 
astrometrics, requiring the sharpest possible images for the precise 
measurement of angular coordinates or dimensions, are (1) the parallaxes 
and proper motions of individual stars, (2) the motions of stars in a 
binaiy or multiple system or in a cluster, requiring the resolution of 
such systems into the component stars, (3) the angular displacement of 
a light ray by gravitational effects, (4) the internal motions of bright 
details in a nebula, (5) the diameters and shape of the Sun, planets, and 
satellites and the surface details of these objects, (G) the search for 
bodies of planetary size associated with nearby stars. More specifically, 
it would be tempting to pursue the following problems, most of which 
are extensions of problems already attacked but for which the data so far 
acquired are severely incomplete. 

1. Parallaxes and Proper Motions.** We need precise parallaxes 
and proper motions of selected objects in order to calibrate their luminosi¬ 
ties, for instance, white dwarfs and other subluminous hot stars whose 
radiation should be rich in the ultraviolet. Although perhaps 10 per cent 
of the stars in the Sun’s neighborhood are white dwarfs, we have very 
few first-class measures of their parallaxes and luminosities because 
their very low intrinsic brightness makes them inaccessible to precise 
observation in visible wavelengths unless they are very close. 
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For objects too remote to exhibit a heliocentric parallax, it is still 
possible to deduce distances statistically from their angular proper 
motions, e.g., from the parallactic effects of the motion of the solar 
system among the stars or from the intercomparison of random angular 
motions with random radial velocities. Each method breaks down seri¬ 
ously at a distance corresponding to the point where the measured 
parallax or proper motion becomes comparable with its errors. Code has 
suggested enlarging the base line for heliocentric parallaxes by putting 
an observatory in a planetary orbit several astronomical units in 
radius. 


For classes of stars that arc scarce per unit volume of space (where one 
must take in a volume with a radius of perhaps several kiloparsecs in 
order to reach a big enough sample), it will still be necessary to resort to a 
statistical analysis of motions in order to estimate distances and luminosi¬ 
ties. Examples of such classes of objects, that are at the same time 
extremely important for evolutionary theories, are subluminous hot 
stars (other than the white dwarfs already discussed) such as novae 
in their quiescent state, the nuclei of planetary nebulae, etc. Another 
important but scarce class is the classical cepheid variable. The zero 
point of luminosities in the period-luminosity relation of these stars, 
on which the distance scale to neighboring galaxies depends to a large 
degree, is still not well established after many years of careful effort, 
partly because the data are barely accessible to classical ground-based 
techniques and then only if the utmost care in eliminating systematic 
errors is exercised. 


2. Binary Systems. Double stars on the limit of resolution with 
existing telescopes and many spectroscopic binaries now optically 
unresolved will be easily separated, and precise measures of separation 
and position angle as a function of the time will be possible. This 
eventuality will of course provide many more first-class determinations 
of stellar masses and the correlation of mass with other parameters, 
leading to a firmer observational foundation for theories of stellar 
constitution and evolution. In fact, if some efficient, means could be 
devised to carry it out, it might be well to survey all stars brighter than 
a certain limiting magnitude to discover those binaries which are now 
not even suspected. Such a survey might bring to light many com¬ 
panions with low luminosity or perhaps some with even planetary char¬ 
acteristics. As Nancy Roman lias suggested, in the absence of atmos¬ 
pheric scattering and photographic irradiation, it will be possible to look 
specifically for planetlike bodies close to the nearest bright stars by 
masking out the bright but very small stellar images. 
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3. Elimination of Earth-connected Systematic Errors.* 5 One of the 
most troublesome problems in present-day statistical astrometrics is 
the presence of small persistent systematic errors, mentioned above in 
connection with cepheids. The analysis of the motions of the stars in 
our Galaxy and consequent deductions about the nature of the gravita¬ 
tional field in the Galaxy and the distribution of the masses producing it, 
depend in a surprisingly sensitive way on the treatment of these syste¬ 
matic errors. These systematic errors arise in a complicated way from 
station and season errors in fundamental star catalogues of position and 
motion and from uncertainties in the motion of the equatorial coordinate 
system (precession) that are small, but not small enough to be negligible 
in comparison with the proper motions. It seems possible that such 
difficulties might be eliminated in an atmosphere-free observatory— 
perhaps an orbiting space station, perhaps on the Moon. The diminu¬ 
tion of these and of the accidental errors would enable one to measure 
motions of much more distant stars, i.e., over a larger proportion of the 
Galaxy, which would immediately lead to a much less ambiguous inter¬ 
pretation of its general gravitational field. 

4. High-resolution Images of Clusters and Galaxies** The study of 
the spectrum-luminosity characteristics of the nearby galactic and 
globular clusters, using high resolution to classify their stars according to 
astrophysical properties, is of particularly great importance. An exten¬ 
sion of 5 magnitudes in these objects should reach the least luminous 
members of some of them. The problem of separation of cluster members 
from the general background will be difficult, but colors alone should 
make possible some degree of separation. The question of the evolution 
of the least luminous members of a cluster would prove most interesting. 
It could lead to the determination of a minimum mass cutoff point to 
the population of a cluster that should reflect back upon the mean density 
of the gas cloud that presumably gave rise to the star cluster. 

Many persons have contributed to the material in this chapter, either 
directly with ideas or analysis of expected effects or indirectly through 
having made successful observations and achieved some definite pre¬ 
liminary results or through having offered concrete proposals on which 
work has in some cases actually started. We are particularly indebted 
toL. H. Aller (University of Michigan); IT. W. Babcock (Mount Wilson 
and Palomar Observatories); A. D. Code (University of Wisconsin); 
H. K. J. Eichhorn (Wesleyan University); J. Findlay (National Radio 
Astronomy Observatory); Ii. Friedman (Naval Research Laboratory); 
F. T. Haddock, Jr. (University of Michigan); H. E. Iiintcregger (Air 
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Force Cambridge Research Center); P. van. de Kamp (Swarthmore 
College); William Kraushaar (Massachusetts Institute of Technology); 

A. B. Meinel (Association of Universities for Research in Astronomy); 

B. Rossi (Massachusetts Institute of Technology); and L. Spitzer 
(Princeton University). We are grateful to the Editors of The Astronomi¬ 
cal Journal for permission to reprint several figures from Ref. 15, to the 
Editor of The Publications of the Astronomical Society of the Pacific for 
permission to reprint excerpts of Ref. 28, and to Mount Wilson and 
Palomar Observatories for photographs. 
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THE BIOLOGICAL SCIENCES AND 

SPACE RESEARCH 

Joshua Lederberg and H, Keffer Hartline 


1. INTRODUCTION 


Historically, space biology and space medicine are successors to 
the fruitful work of four decades of aviation medicine. In accord with 
this tradition, the most extensive activity in biology related to space 
exploration at the present time concerns the problems of human space 
flight. “Space biology” has thus tended to become identified with the 
technical support of “man in space” and related problems. However, it 
is becoming apparent that space flight may furnish a unique instrument 
for studying the most fundamental problems of biology; the origin of 
life and its progress in independent evolutionary systems. To dis¬ 
tinguish this aspect of space biology—the evolution of life beyond our 
own planet—the term “exobiology” has been introduced. 

Until now, payload and range limitations of space vehicles have 
sharply restricted the scope of significant biological experimentation, and 
it has been difficult to identify experiments of fundamental import that 
could command high priorities on such flights. However, larger pay- 
loads in orbital satellites, their recovery, and the programming of space 
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flight, to the Moon and the planets pose unique and exciting challenges to 
experimental biology. Space research is extraordinarily (and obviously) 
expensive. Apart from the immense costs of the rocket vehicles and 
their operation, experiments must be meticulously designed to function 
in spacecraft payloads—to withstand the hazards of launching and of 
the space environment, perhaps also of landing and retrieval, and in 
most instances to be rigidly programmed and to maintain useful com¬ 
munication with the data-control stations. To justify such costs in 
money and in human talent and effort, the experiments must be clearly 
important to fundamental biology (or to a definite technological require¬ 
ment). Many biological experiments that have been proposed could 
be done as well or better in the laboratory; others may well justify 
inclusion in spacecraft payloads when necessary supporting work has 
been completed. Sober, well-thought-out experiments should have 
little difficulty in attaining financial support and priorities for accommo¬ 
dation on scientific space flights. 

At the present time, orbital flights appear to offer significant oppor¬ 
tunities in the following areas: physiological and psychological effects of 
weightlessness, verification of biological actions of some forms of corpuscu¬ 
lar and ionizing radiations, and biological rhythms in an environment 
which is unequivocally disconnected from the rotation of the Earth. 
The wider recognition of realistic possibilities of satellite experiments may 
uncover other opportunities, not yet appreciated, and should at least 
give the most critical appraisal and efficient exploitation of the lines 
already indicated. We invite our colleagues in the life sciences to study 
the general specifications for satellite experiments which are summarized 
in “Research in Space” ( Science , 130, 195-202 (1959).) 

These lines of investigation represent the use of extraterrestrial 
environments to isolate specific physical effects on terrestrial organisms. 
In many cases, these environments can be simulated, or their effects 
predicted to a large degree. For example, since most cells can tolerate 
violent disorganization of their apparent gravitational fields (e.g., the 
tumbling of bacteria or tissue cells in agitated liquid cultures), weight¬ 
lessness should have a much more profound effect on the orientation of 
complex organisms than it does on basic cellular processes. 

One of the principal aims of space exploration is to secure detailed 
scientific knowledge of the other planets of the solar system, for com¬ 
parison with the physics, chemistry, and natural history of the Earth. 
This knowledge is expected to give us new insights into the origin and 
evolution of the physical universe and of the chemical phenomena that 
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constitute life. This extension of earth-bound science already suffices 
to justify the cost and effort that are entailed by space exploration; we 
have no doubt that the economic costs will also be amply repaid in the 
long run by technological applications of space science, in the same 
fashion as has always been true of pure science in other fields. 

The capability of space vehicles has, until now, been the main limiting 
factor in the acquisition of new knowledge of the planets. However, 
the possibilities of telescopic studies from the Earth, and from earth- 
based balloons have by no means been exhausted. Further, the develop¬ 
ment of telescopes mounted on satellite platforms in orbit above the 
Earth’s atmosphere should be very fruitful of new data on planetary 
chemistry. Many avenues of ground-based research can lead to impor¬ 
tant insight into the origin and cosmic distribution of life, for example, 
the analysis of meteorites for biochemically interesting components. 

As we consider the prospects of direct communication with the planets 
by long-range spacecraft, new issues present themselves, issues of 
cautionary wisdom as well as capability. These are of particular concern 
to biology, having to do with the unique capacity of living organisms, 
especially microorganisms, to proliferate rapidly and occupy new habitats. 
Our judgment as to the wisdom of direct communication must follow a 
careful assessment of the consequences of (1) the implantation of ter¬ 
restrial organisms on a planetary habitat and (2) the converse, the 
“back contamination” of the Earth by planetary organisms carried by a 
returning spacecraft. 

Within the foreseeable future, the cost of sending an experimental 
device through space and receiving information from it will be many 
times that of using comparable analytical instruments in the laboratory. 
For many other reasons, the retrieval of samples of the planets would 
ultimately be the most informative means for the advancement of 
planetary science. This self-evident design has been and should con¬ 
tinue to be foremost in long-range planning. The retrieval missions 
will introduce the risk of back contamination, a risk that cannot be 
decisively evaluated within the framework of our present knowledge of 
planetary biology. The same missions, as well as the one-way probes 
that will precede them, might also contaminate the targets; however, 
these missions can be programmed so as to minimize the carriage of 
“samples” of the Earth and to disinfect the spacecraft by methods of 
known efficacy for terrestrial organisms. Furthermore, as a matter of 
policy, acceptable risk figures for contaminating a planetary target 
must be substantially higher than for bringing trouble home. 
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EXOBIOLOGY: EXPERIMENTAL APPROACHES 

TO LIFE BEYOND THE EARTH 

Joshua Lederberg 


As the close investigation of the planets approaches reality, few 
inquisitive minds can fail to be intrigued by what these studies will tell 
of the cosmic distribution of life. To conform to the best of our con¬ 
temporary science, much thoughtful insight, meticulous planning, and 
laboratory testing must still be invested in the experimental approaches 
to this problem. This may require international cooperation and also, 
perhaps more difficult, mutual understanding among scientific disciplines 
as isolated as biochemical genetics and planetary astronomy. 

Many discussions of space exploration have assumed that exobiological 
studies might await the full development of the technology for manned 
space flight and for the return of planetary samples to the terrestrial 
laboratory. To be sure, these might be preceded by some casual experi¬ 
ments on some instrumented landings. Such a program would allow 
time for exobiological experiments to be planned with composure and 
deliberation, based on improved knowledge, from closer approaches, of 
the chemistry and physics of planetary habitats. Unfortunately, this 
orderly and otherwise desirable program takes insufficient account of 
the capacity of living organisms to grow and spread throughout a new 
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environment. This unique capacity of life, which engages our deep 
interest, also generates our grave concerns in the scientific management 
of missions beyond the Earth. We are thus obliged to weigh the most 
productive experiments that we can do by remote instrumentation in 
early flights, whether or not manned space flight eventually plays a role 
in scientific exploration. 

1.1 Motivations for Exobiological Research 

The demons which lurk beyond the Pillars of Plercules have colored 
the folklore and literature of ages past and present, not always to the 
benefit of fruitful exploration and dispassionate scientific analysis. 
Apart from such adventuresome amusements and the amateur delights 
of a cosmically enlarged natural history, how does exobiology relate to 
contemporary science and culture? The exploration of space may seem 
to have very little to do with fundamental questions in biology or medi¬ 
cine, with the mechanisms of gene action, embryological development, 
protein synthesis, the biology of viruses, or the evolution of species. 
To answer this question we may consider one aspect of the history of 
the physical sciences. 

Twenty-five centuries of scientific astronomy have so widened the 
horizons of the physical world that the casual place of the planet Earth 
in the expanding universe is a central theme in our modern scientific 
culture. The dynamics of celestrial bodies, as can be observed from 
the Earth, is the richest inspiration for the generalization of our concepts 
of mass and energy throughout the universe. The spectra of the stars 
likewise testify to the universality of our concepts in chemistry. But 
biology has lacked tools of such extension, and life until now has meant 
only terrestrial life . This disparity in the domains of the physical versus 
the biological sciences attenuates most of our efforts to construct a 
theoretical biology as a cognate of theoretical physics or chemistry. 
For the most part, biological science has been the rationalization of 
particular facts which give too limited a basis for the construction and 
testing of meaningful axioms to support a universal theory of life. The 
Darwinian concept of evolution through the natural selection of random 
hereditary fluctuations is the chief element of contemporary biological 
theory. This may preclude any other effort to systematize the actual 
manifestation of life as it actually, by accident, evolved. While Dar¬ 
winian evolution may thus account for the differences among living 
forms, we may still ask about their common features, especially their 
biochemical mechanisms. Are these also earth-adapted choices among 
numberless possibilities? Or is only one biochemical system possible 
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for life, one that we must meet again wherever life shall have evolved 
or spread? 

Some chemical attributes of terrestrial life might support a claim to 
be basic principles: for example, polyphosphates (adenylpyrophosphate) 
occur in all organisms as coupling agents for the storage and transfer of 
metabolic energy. But at least in principle, we can imagine that 
organisms may have found alternative solutions to the same problem. 
Only the perspective of comparative biology on a cosmic scale could tell 
whether this device is an indispensable element of all life or a particular 
attribute of its local occurrence on this planet. 

An important aim of theoretical biology is an abstract definition of life. 
Our only consensus so far is that such a definition must be arbitrary. 
If life has gradually evolved from inanimate matter, the demarcation 
of chemical from biological evolution is one of useful judgement. For a 
working principle, we might again rely upon the evolutionary concept: 
a living system has those properties (of self-replication and metabolism) 
from which we may with more or less confidence deduce an evolutionary 
scheme that would encompass self-evidently living organisms. But we 
cannot propose this as a rote formula for the assessment of other celestial 
bodies and certainly not before we have some empirical knowledge of 
the diversities of chemical evolution. 

From this standpoint the overriding objective of exobiological research 
is to compare the over-all patterns of chemical evolution of the planets, 
stressing those features which are globally characteristic of each of them. 

The question “Is there life on Mars?” properly dominates exobiological 
speculation. To answer it may require a careful reassessment of our 
meaning of “life” and matching this with the accumulation of hard-won 
evidence on chemical composition of that planet. On the other hand, 
our first probe might be confronted with an object obviously analogous 
to an earthly plant, animal, or microbe. But even this abrupt answer 
should be just the start of biochemical analysis of the organism and its 
habitat for comparison with the fundamentals of terrestrial life. 


In our first approaches to the nearby planets we shall wish to design 
experiments which have some tangible foundation in the present accumu¬ 
lation of biochemical knowledge. The aqueous environment, and its 
corollary of moderate temperatures in which large carbonaceous molecules 
are reasonably stable, are implicit in terrestrial biochemistry. This is 
not to reject the abstract possibility of nonaqueous life, or noncarbonace- 
ous molecules that might characterize temperatures of <200 or >500°K. 
However, we can defer our concern for such exotic biological systems 
until we have gotten full value from our searches for the more familiar 
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and have learned enough of the exotic chemistry to judge how to 
proceed. 

Within the bounds of its aqueous environment, what are the most 
nearly universal features of terrestrial life? In fact, our plants, animals, 
and bacteria share a remarkable list of biochemical components, and a 
biochemist cannot easily distinguish extracts of yeast cells and beef 
muscle. Among these components, the nucleic acids warrant first atten¬ 
tion. Although they constitute the hereditary material, so that all the 
variety of terrestrial life can be referred to subtle differences in the 
nucleic acids, the same basic structure is found in the nuclei of all cells. 
This is a long, linear polymer fabricated from a sugar-phosphate repeat¬ 
ing unit: 

—O—P—O—C—O-C— 


where R is a purine side group: 
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The meaningful variety of nucleic acids depends on the specific order of 
the side group attached to each sugar of this monotonous backbone, a 
linear message written in a language of four letters, T, C, A, and G. 
The bacteria, which are the simplest free-living organisms, contain 
nucleotide sequences about 5,000,000 units long; man has about 
5,000,000,000—this content being one of our best, objective measures of 
biological complexity. On the other hand, the simplest viruses, which 
can multiply only inside living cells and come close to being single 
genes, have about 2500 units per particle. Playing a central role in 
the unification of terrestrial biology, nucleic acids underlie both heredity 
and (through their control of protein synthesis) development. Are they 
the only linear polymers which can subsume these functions or will 
many other fundamental types have evolved, to be found on other 
celestial bodies ? 

Equally general among the constituents of living cells are the proteins, 
which are also polymers but of a more diverse set of constituents, some 
20 amino acids. The fundamental backbone of a protein is a poly¬ 
amino acid chain: 

II—Nil—CH—CO—NH—CH—CO . . . NH—CH—CO—OH 

R R R 

where R may be any one of 20 different groups. Proteins assume a wide 
variety of three-dimensional shapes, through coiling and cross-linking of 
the polymer chains. They are in this way suited to perform such diverse 
functions as those of enzymes, structural elements, and antibodies. Not 
only do we find just the same 20 amino acids among the proteins of all 
terrestrial organisms, but these are all the levo-isomers, although dextro- 
amino acids are found to have other metabolic functions. Next only 
to the incidence of nucleic acids, we would ask whether exobiota make 
analogous use of these amino acid polymers, in hopes of understanding 
what seem to be random choices in the sculpture of our own living form. 

Common to terrestrial life are also a number of smaller molecules which 
are involved in the working metabolism of the cells; for example, most 
of the B vitamins have a perfectly general distribution. They are 
vitamins for us only because we have learned, in our evolutionary history, 
to rely on their production by green plants, rather than to synthesize 
them within our own cells. But once formed, these vitamins, and 
similar categories of substances such as porphyrins, play entirely 
analogous roles in the metabolism of all cells. 

A few substances, such as the steroid hormones, do play special roles 
in the metabolism of higher organisms and testify to some progress in 
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biochemical evolution. In fact, objective evidence points to many losses 
of specific functions: microorganisms are certainly more versatile and 
less dependent than man is on a specific nutrient milieu. The main 
burden of evolution has been not to develop new biochemical unit 
processes, but to coordinate them in time and space. 

While we propose to give first priority to these most general questions, 
they by no means exhaust our interest in the peculiarities of extra¬ 
terrestrial organisms, any more than they would for a newly discovered 
phylum of the Earth’s own repertoire. Nor should we even preclude 
the possibility of finding new organisms that might be economically 
useful to man, just as they were among the fruits of geographic exploration. 


1.2 Theories of the Origin of Life 


At this point, a consideration of contemporary theory on the origin 
of life is justified for two reasons: (1) exobiological research gives us a 
unique, fresh approach to this problem; and (2) we can find some 
encouragement that the recurrent evolution of life is more probable than 


was once believed. 

The interval just after Pasteur’s work on spontaneous generation was 
especially difficult for the mechanistic interpretation of the origin of life. 
Before Pasteur’s time, many investigators could believe that simple 
microorganisms arose spontaneously in nutrient media. His demonstra¬ 
tion that such media remained sterile if properly sterilized and protected 
seemed to disqualify any possibility of “spontaneous generation.” His 
conclusion was of course overdrawn, since life must have evolved at 
least once, and might again on a scale that would still loom large in 
geological time spans. Meanwhile, the problem was compounded by 
the growth of biochemical knowledge. We now realize that bacteria,, 
small as they are, are still extremely complex, well-ordered, and repre¬ 
sentative organisms. The first organisms must have been far simpler 
than present-day free-living bacteria. 

With the growth of genetics since 1900 and the recognition of the sell- 


replicating gene as the elementary basis of life, the question could focus 
on the origin of the first genetic molecule: given the power of self-replica¬ 
tion and incidents of stochastic variation, Darwin’s principle could 
account for the eventual emergence of any degree of biological complexity. 

An immense amount of fruitful genetic work was completed in a 
period when “genetic molecule” was an abstraction and “self-replica¬ 
tion” an axiomatic principle whose chemical basis seemed beyond the 
possibility of human understanding. Now we recognize that the nucleic 
acids are the material basis of heredity, and we can begin to construct 
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mechanistic models of their replication. The first principle, as already 
stated, is that the gene is a string of nucleotides, each position in the 
string being marked by one of the four nucleotide units A, T, C, and G. 
The polymerization of such strings by the union of the monomeric units 
presents no fundamental problems, but self-replication would necessitate 
the assembly of the units in a specific order, the one dictated by the order 
of the nucleotides in the parent molecule. The key to the solution of 
this problem was the realization by Watson and Crick that the complete 
nucleic acid molecule is a rigid, duplex structure in which two strings are 
united. In that rigid structure, as can be shown by suitable molecular 
models, adenine occupies a space which is just complementary to that of 
thymine, and cytosine is likewise complementary to guanine. A string 
can therefore replicate, i.e., direct the assembly of another daughter 
string, in the following way. The nutrient mix of the cell contains all 
four nucleotide units. However, at any position of the parent nucleic 
acid molecule, only one of these four can make a suitable fit and will 
therefore be accepted. After being accepted, the daughter units are 
firmly bound together by new chemical linkages, giving a well-defined 
daughter string. Korn berg has reconstructed most of these events in 
some detail, by means of extracts from bacteria, to the very verge of 
proven duplication of genes in a chemically defined system in the test 
tube. 


However, the media in which such syntheses can occur, in the cell or 
even in the test tube, are extremely complex. Given that the simplest 
organisms would be the most dependent oil their environments for raw 
materials, where did these precursors come from before living organisms 
had evolved the enzymes to manufacture them? 

Thanks to the insight of Haldane, Oparin, Horowitz, and others, we 
now realize that this paradox is a false one, though it dates to the con¬ 
fusion between “carbon chemistry” and “organic chemistry” which 
still exists in English terminology. In fact, in 1828, Wohler had already 
shown that an organic compound, urea, could be formed experimentally 
from an inorganic salt, ammonium cyanate. A hundred years later, a 
number of routes for synthesis of geochemically significant amounts of 
complex organic materials were pointed out, for example, the hydrolysis 
of metallic carbides and subsequent reactions of olefins with water and 
ammonia. More recently, Miller and Urey demonstrated the actual 
production of amino acids by the action of electric discharges on gas 
mixtures containing the hydrides NH ;i , OIL., and GPU. This demon¬ 
stration converges with other arguments that the primitive atmosphere 
of the earth had just such a reduced composition, becoming oxidized 
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secondarily (and in part through photosynthetic separation of C 
from. 0 2 ). 

An alternative origin of carbonaceous molecules is even more pervasive. 
Perhaps we associate carbon with life, and rocks and metals with physical 
phenomena: beyond doubt we tend to connote the latter with the pre¬ 
dominant substance of the universe. In fact, as a glance at tables of 
cosmic abundance (see Table 1) will show, the lighter elements by far 


Table 1. Relative Abundance 


Element 

Cosmos* 

Terrestrial 

atmosphere! 

and 

hydrosphere! 

Earth’s 
crustt 

H 

1600 

2 

0.03 

He 

160 



0 

0.378 

0.978 

0.023 

N 

0.269 

0.003 


Ne 

0.168 ± 



C 

0.135 

0.0001 

0.0005 

Si 

0.017 


0.211 

Mg 

0.015 


0.018 

Fe 

0.012 


0.019 

S 

0.003 

0.0005 


Ca 

0.002 


0.019 

A 

0.002 



A1 

0.002 


0.064 

Na 

0.001 

0.008 

0.026 

Ni 

0.0005 



Others 

0.002 

0.011 

0.020 


* After Urey. 

t After Hutchinson, in The Earth as a Planet,, (G. P. Kuipor, e<l., ITniv. of 
Press, Chicago, 1954.) 

t A-ftei Mason, in I he harth as a Planet, (G. P. Kuiper, eel., Univ of 
Press, Chicago, 1954.) , ' ’.‘ 


Chicago 


(Tueugo 


are the most prevalent, and after the dispersed II and He, these are 
C, O, and N. The primitive condensation of free atoms to form the 
interstellar smoke, and eventually the stars themselves, must entail the 
molecular aggregation of II + C + O + N; i.e., a large fraction of the 
condensed mass of the universe must consist, or once have consisted, of 
organic macromolecules of great complexity. The chief problem for 
their synthesis is in fact not a source of chemical energy, but how to 
dissipate the excess energy of reactions of free atoms and radicals. 
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This aspect of astrophysics may have place for a remote biological 
analogy: once a lew molecules have formed, the energy of subsequent 
impacts can be dissipated among the vibrational degrees of freedom; 
that is, such molecules can function as nuclei of condensation. Those 
molecules will be favored, as seeds for further condensation, which (1) 
most readily dissipate the energy of successive impacts and (2) can 
undergo molecular fission to increase the number of nuclei. The actual 
molecular chemistry of the interstellar (or prestellar) smoke is thus sub¬ 
ject to a kind of natural selection and cannot be a purely random sampling 
of available atoms. 


Whether the Earth has retained remnants of this chemistry is hard to 
say. There is at least some evidence of it in the spectra of comets, and 
fragments from these continue to form part of the meteoroidal infall. 
These particles, unless associated with larger meteorites, would be 
unrecognizable after traversing the Earth’s atmosphere: they are among 
the possible treasures to find buried in protected crevices on the Moon. 

Light traversing the interstellar smoke has been found to be polarized. 
II primitive aggregation plays some role in furnishing precursors for 
biological evolution, this polarization furnishes at least one bias for a 
decision between levo- and dextro-isomers. The choice between these is 
perhaps not altogether random. 

At any rate, possible sources for probiotic nutrition no longer pose a 
problem. Before the appearance of voracious organisms, organic com¬ 
pounds would accumulate until they reached equilibrium with thermal 
and radiative decomposition, from which the oceans would furnish ample 


cover. Locally, the concentration of the soup would be augmented by 
selective evaporation and by adsorption onto other minerals. The main 
gap in the theory, not yet bridged by any experiment, is the actual forma¬ 
tion of a replicating polymer in such a morass. We are beginning to 
visualize the essential conditions for chemical replication, and its ultimate 
realization is foreshadowed both by biochemical studies of nucleic acids 
and by industrial syntheses of stereospecific polymers. 

There is some controversy whether nucleic acids were the first genes, 
part ly because they are so complex, partly because their perfection hints 
at an interval of chemical evolution rather than one master stroke. 
The advantage of the nucleic hypothesis is that no other self-replicating 
polymers have so far been found. But as an alternative speculation, a 
simplified protein might replicate by the complementary attachment of 
acidic versus basic units, perhaps the crudest possible method of assem¬ 
bly. The nucleic acids would be perfections on this theme for replication. 
The existent proteins do not replicate; with their variety of amino acids, 
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they would have evolved as better adaptations for assuming specific 
shapes. A comparative view of independent evolutionary systems may 
at least serve to check such speculations. 

Although many steps in the generation of living molecules remain to be 
recreated, we can state this as a relevant problem for exobiological study, 
with considerable optimism for the prevalence of life elsewhere. A 
sterile planet, too, would still be of extraordinary interest to biology for 
the insight it should give on the actual progress of probiotic chemical 
evolution. 

1.3 Natural and Artificial Panspermia 

The foregoing discussion tacitly assumed that the evolution of planetary 
life was a local phenomenon, independent of its incidence elsewhere. 
But at a time when de novo generation seemed less plausible than it does 
now, Arrhenius defended another hypothesis: panspermia , the migration 
of spores through space from one planet to another. The credibility of 
the panspermia hypothesis has been eroded mainly for two reasons: (1) 
the lack of a plausible natural mechanism for impelling a spore-bearing 
particle out of the gravitational field of a planet as large as the Earth 
or any planet large enough to sustain a significant atmosphere and (2) the 
vulnerability of such a particle to destruction by solar radiation. In 
any case, panspermia could be disparaged, for evading the fundamental 
problem, by transposing it to an unknown, perhaps scientifically unknow¬ 
able, site. These difficulties have impeached the standing of panspermia 
as an experimentally useful hypothesis, but not its immense significance 
for cosmic biology. In its defense, it might be indicated that the hazards 
of exposure to space may be exaggerated, taking account of the dormancy 
of microorganisms in high vacuum and low temperatures and their 
relatively low cross section for ionizing radiations. The chief hazard to 
microorganisms might come from solar ultraviolet and the proton wind, 
but a thin layer of overlying material would shield a spore from these. 
For the impulsion of particles we might possibly appeal to impacts with 
other heliocentric bodies, be they grazing meteorites or planetoids in 
cataclysmic encounters—suggestions not more remote than those invoked 
for other astronomical phenomena. Nor can we be sure that all the 
electrokinetic mechanisms which Arrhenius may have had in mind can 
be excluded from applying to any single particle. In testing for pan¬ 
spermia, we should be concerned first of all for evidence of interplanetary 
transport of any material. The Moon suggests itself as a nearby trap 
for particles of terrestrial origin, among which living spores or biochemical 
fragments of them might be the most characteristic markers. At one 
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spore per kilogram of sample, a weight ratio of 10~ 16 , the sensitivity of 
easy biological detection partly compensates for the vulnerability of 
spores to physical hazards. 

The development ol rocket-impelled spacecraft has, of course, furnished 
a mechanism for artificial panspermia. Several authors have recently 
revived Haldane’s passing suggestion that life might even have been 
disseminated by intelligent beings from other stellar systems. That 
another century of productive science and technology could give the 
human species this capability would be hard to dispute. The hypothesis 
is connected with the age or agelessness of the Universe: if the Universe 


has lasted only some ten billion years, there could not be time for very 
many cycles of evolution of intelligence and technology. Whether any 
stellar system, or even other planets in the solar system, has or has not 
evolved intelligent life could be the subject of endless a priori speculation. 
At least for the solar system, the lack of any reliable evidence has rightly 
discouraged such speculations. Final answers await the experimental 
flights. 

Communication by radio with other stellar systems would be far more 
readily accomplished than material transport. The technical problem 
of such communication has been introduced lately by Cocconi and 
Morrison. Whether it would be desirable, from our own standpoint, to 
establish such communication might be pondered very carefully in the 
light of the historical facts of intercultural conflict on this planet. 


1.4 Planetary Targets 

The suitability for life of the accessible bodies of the solar system has 
already received ample attention. Mars is, of course, the likeliest target, 
most, nearly resembling the habitat of the Earth. The indicated scarcity 
of free moisture and oxygen would severely limit the occupation of Mars 
by man or most terrestrial animals. However, there seems little doubt 
that many simpler, earthly organisms could thrive there. Indeed, many 
students have concluded that Mars does have a biota of its own. The 
most pertinent evidence is perhaps the infrared reflection spectrum 
recorded by Sin ton, which indicates an accumulation of hydrocarbo- 
naeeous materials in the dark areas. This is complemented by Dollfus’ 
report (First International Space Science Symposium, Nice) on the 
seasonal changes of granularity of these areas. The main reservation 
that must be registered is that these might be meteorological phenomena 
involving masses of material which may be carbonaceous but not neces¬ 
sarily living. Most such material on the Earth's surface is associated 
with life. However, this may be connected with the greedy utilization 
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of such compounds by organisms rather than their production by vital 
synthesis. Yet the most plausible explanation of the astronomical 
data is that Mars is a living planet. (The term “vegetation” is often 
used: this should be discouraged if it implies that Martian biota will 
necessarily fall into the taxonomic divisions that we know on Earth.) 

The habitability of Venus is connected with its temperature, which 
is still controversial, although many measurements indicate a very high 
temperature under the clouds. Perhaps the most useful first contribu¬ 
tion to the exobiology of this planet would be a definitive measurement of 
its temperature profile. Even should the surface be unbearably hot, 
this need not preclude a more temperate zone at another layer. 

The exposure of the Moon's surface to solar radiation and its absence 
of a significant atmosphere have discounted the possibility of a lunar 
biology. However, the composition of the Moon’s deeper layers, from 
even a few meters beneath the surface, is very much an open question 
(see Urey, First International Space Science Symposium, Nice), particu¬ 
larly in the light of Kozyrev's recent reports of gaseous emissions. 
Realistic plans for the biological study of the Moon probably must await 
the results of chemical analyses. Apart from the remote possibility 
of indigenous life, the Moon is a gravitational trap for meteoroidal 
material. We may eventually be able to screen large quantities of this 
virgin material for what Haldane called astroplankton—the cosmically 
distributed spores that would be the empirical test of the panspermia 
hypothesis. While exposed deposits would be subject to solar degrada¬ 
tion, shaded refuges must also exist. Mercury may be analogous to the 
Moon, except in so far as its dark side may furnish an even more reliable, 
though much remoter, refuge of this kind. 

It may be academic to discuss the exploration of the major planets in 
view of their distance and the difficulty of deceleration in the Jovian 
field. However, their wealth of light elements, subject to solar irradi¬ 
ation at temperatures and in gravitational fields very different from the 
Earth’s, offers the most exciting prospects for novel biochemical systems. 

1.5 Experimental Approaches 

Our treatment of this topic warrants the utmost humility from a 
realistic view of our limitations. Useful landings on planetary targets 
are fraught with difficulties and hazards; experiments that can already 
be conducted at some distance from their targets should not now be 
overlooked in the excitement of planning for more adventurous missions. 
Balloon- and satellite-mounted telescopes can tell much about planetary 
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chemistry, and hence biology, and probes to the vicinity of the planets 
can furnish additional information prior to actual landing. 

It is instructive to ask ourselves how we might diagnose the existence 
of life on the Earth from distant observations. If we may judge from 
the photographs so far obtained from high-altitude rockets, we could 
hope to detect only large-scale manifestations of organized culture—cities, 
roads, rockets. This reserve may not give due credit to the possibilities 
of high-resolution photography and sensitive infrared spectrometry 
and 1 easonable implications from seasonal changes in the color and texture 
of terrain. However, we may conclude that distant approaches will be 
invaluable for preparatory chemical information, but probably will not 
be conclusive for a decision on the presence of life. Even if we could more 
surely decide that the Martian cycle involved living organisms rather 
than inanimate chemical transformations, we should still have little 
insight into the intimate biochemical details which are a major objective 
of exobiological research. On the other hand, like our own extensive 
deserts and deep waters, a planet could harbor an extensive biota that 
would defy detection from a distance. 

Microorganisms, for many reasons, are the best prospects on which to 
concentrate marginal capabilities of experimental detection by space¬ 
craft instruments. They are more likely to flourish in a minimal environ¬ 
ment than larger organisms. The microbes would precede the macrobes 
in evolutionary sequence. The Earth is well endowed with both kinds 
of organisms. We can imagine another world with only microbes, but 
we cannot conceive of one lacking microbes if it bears any form of life 
at all. Likewise, taking the Earth as a whole, we find that large organ¬ 
isms occupy only a small fraction of the surface. However, we can 
reasonably expect to find evidence of microscopic life in any drop of 
water, pinch of soil, or gust of wind. Given a limited sample for study, 
microbiological analysis will certainly give the most reliable diagnosis for 
the presence of life anywhere on the planet. By the same odds, the 
greatest diversity of biochemical mechanisms will be represented among 
the mfrrobiota of a small sample. 

Microbiological probes also offer distinct advantages for the collection 
and analysis of living material. Starting from a single particle, microbes 
can easily be cultivated within the confines of an experimental device. 
In this they remain accessible to physiological and chemical experiments 
that would he extremely cumbersome for larger organisms. (Compare, 
for example, the automatic instrumentation that would be needed to catch 
a hare and then to determine its nutritional requirements!) The tech¬ 
niques of cytochemistry, as have already been developed for the chemical 
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analysis of microscopic cells and organisms, appear to be the most 
readily adaptable to automation and telemetric recording, an important 
advantage under the existing pressure of time, talent, and cost. Impor¬ 
tant issues of policy cannot be decisively settled without factual informa¬ 
tion on the growth capacity of the microorganisms that might be 
exchanged among the planets. Accordingly, the methodological prece¬ 
dents in terrestrial science for exobiology are most evident in microbial 
biochemistry. The conceptual aims are equally close to those of bio¬ 
chemical genetics. Needless to say, no other resource or objective of 
serious biological science can be neglected in the development of an 
experimental program. 

Aside from the experimental designs, the pace of exobiological research 
may be regulated by advances in vehicular and guidance capabilities 
and data communication. In the expectation that these will remain in 
reasonable balance—for static or real-time television communication 
with the planetary probe—the microscope may be the most efficient 
sensory instrument. The redundancy of a pictorial image is not alto¬ 
gether wasted: would we confide in a one-bit pulse from an efficient 
black box to answer our cosmic queries? 

According to this experimental concept, the terminal microscope- 
vidicon chain must be supported by three types of development: (1) for 
collection and transport of specimens to the aperture of the microscope, 
(2) for cytochemical processing of the samples, and (3) for protection 
of the device from environmental hazards, its apt location after landing, 
provision for illumination, focusing, and perhaps preliminary image 
selection. Detailed studies of these problems are only just under way, 
and the following suggestions are only tentative. 

The easiest specimens to obtain may be atmospheric dust and samples 
of surface soil once the device has been landed. These are collected on a 
traveling ribbon of transparent tape which is thrown out and then 
rewound into the device. Larger samples, collected by a soil auger, 
could be subjected to a preliminary concentration of nonmineral com¬ 
ponents by flotation in a dense liquid. The use of such a tape simplifies 
the problem of treating the samples with a succession of reagents, for 
example, specific enzymes and fluorescent stains which allow for the 
detection of nucleic acids and proteins. Microscopy with ultraviolet 
light, particularly at 2600 and 2800 A, because of its selectivity for nucleic 
acids and proteins, may be the most direct way to distinguish micro¬ 
organisms from mineral particles. Generally speaking, the microscope 
can be adapted to many simple analytical procedures whose construction 
on a larger scale would present formidable problems for automatic 
technique. 
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FIG. 1 . Schematic diagram of an automatic microscope system 
for use on a planet (e.g., Mars). 


The adaptation of the microscope system to a payload can be under¬ 
taken more realistically when laboratory prototypes have been built and 
tested. For example, we shall have to decide between accurate pre¬ 
focusing of a microscope (whose lenses and entry slit are mounted in a 
rigid structure) and continuous control of focus by an optically con¬ 
trolled servo system (an innovation that would be far from useless in the 
biological laboratory). This automatic discrimination can also conserve 
radio power: the traveling ribbon can be stopped and the vidicon-trans- 
mitter activated just when a significant object is in view. 

These preliminary experiments can indicate some of the general features 
of the planetary microbiota. The data they furnish will support more 
intensive studies of the growth characteristics, chemical composition, 
and enzymatic capabilities of organisms cultivated on a larger scale. 
The interaction of these organisms with tissue cultures of animal cells 
can also be considered. From the results of these initial probes we can 
better deduce how to anticipate the long-range consequences of the 
intercourse of planetary biota. 


2.6 Conservation of Natural Resources 

A corollary of interplanetary communication is the artificial dissemi¬ 
nation of terrestrial life to new habitats. History shows how the exploita¬ 
tion of newly found resources has enriched the human experience; 
equally often wo have seen great waste and needless misery follow from 
the thoughtless spread of disease and other ecological disturbances. The 
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human species has a vital stake in the orderly, careful, and well-reasoned 
extension of the cosmic frontier. How we react to the adventuresome and 
perplexing challenges of space flight will be a crucial measure of the 
maturity of our national consciences and their concern for posterity. 

The introduction of microbial life to a previously barren planet, or to 
one occupied by a less adapted form, can result in the explosive growth 
of the implant with consequences of geochemical scope. With a genera¬ 
tion time of 30 min and easy dissemination by winds and currents, com¬ 
mon bacteria could occupy a nutrient medium the size of the Earth in a 
few days or weeks, being limited only by the exhaustion of available 
nutrients. It follows that we must rigorously exclude terrestrial con¬ 
taminants from our spacecraft. This stricture must hold until we have 
acquired the factual information from which we can assuredly assess the 
detriments of free traffic and whether these detriments are small enough 
to warrant the relaxation of the controls. 

At the present time, the most obvious values that would be threatened 
by contamination are scientific ones. The overgrowth of terrestrial 
bacteria on Mars would destroy an inestimable prize for the understand¬ 
ing of our own living nature. Even if an intemperate mission has not 
contaminated a planet, the threat of its having done so will confuse later 
studies, if earthlike organisms are then found. However, other values 
are in question. Quite apart from strictly scientific concerns, would we 
not deplore a heedless intrusion on other life systems? It would be rash 
to predict too narrowly the ways in which undisturbed planetary surfaces, 
their indigenous organisms, their molecular resources may ultimately 
serve human needs. If we have cause to prejudice these values, wo 
surely would not wish to do so by inadvertence. 

To do this effectively requires a nice appreciation for the ubiquity 
and durability of bacterial spores, which are well preserved in high 
vacua and at low temperatures and are only rapidly destroyed when kept 
at temperatures over 160°C. It is probable that spacecraft can be dis¬ 
infected by the conscientious application of gaseous disinfectants, especi¬ 
ally ethylene oxide, but this will succeed only if the procedure is carried 
out meticulously and with controlled tests of its effectiveness. Sealed 
components, if found to be potential sources of contamination, can he 
disinfected by chemicals, prior to sealing, or subsequently by heat or by 
irradiation at very high doses. The technology of disinfection is an 
expert one, and personnel already experienced in it should be delegated 
supervisory control. 

The assessment of this problem involves a concept of risk that has not 
always been perceptively realized. The hazards of space flight itself 
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or of hard impact or the planetary environment might suffice to neutralize 
any contaminants: but can we afford to rely on any uncertain suppositions 
when the stakes are so high and when we have practical means at hand 
for conservative protection? We must be especially sensitive to the 
extreme variations in the environments of spacecraft or of planetary 
surfaces which might furnish refuges for microbial survival no matter 
how hostile the average conditions. 

The indications by agencies both in the United States and in the 
U.S.S.R. that adequate precautions will be exercised on all relevant 
missions are an important step in the realization of constructive 
exobiology. 

Scientists everywhere will call for the application of these measures 
with the same care and enthusiasm as the more positive, exciting, and 
patently rewarding aspects of space research. Scientific microbiology 
in the laboratory is absolutely dependent on the rigorous application 
of the special technique of pure culture with aseptic control. If we do 
not exercise the same rigor in space science, we might as well save our¬ 
selves the trouble of thinking about and planning for exobiological 
research. 


While early traffic to the planets will be one-way, we must anticipate 
the capability of round trip and even of manned space flight. Undoubt¬ 
edly, planetary samples can be analyzed for any scientific purpose more 
conveniently and more exactly in the terrestrial laboratory than by 
remote devices. For each step of analysis, special devices can be used 
(or, if need be, newly designed and constructed) and a constant give-and- 
take between human judgment and instrumental datum is possible. 

However, the return of such samples to the Earth exposes us to a 
hazard of contamination by foreign organisms. Since we are not yet 
quite certain of the real existence of planetary (e.g., Martian) organisms 
and know nothing of their properties, it is extremely difficult to assess 


the risk of the event. The most dramatic hazard would be the introduc¬ 
tion of a new disease, imperiling human health. What we know of the 
biology of infection makes this an extremely doubtful possibility: most 
disease-producing organisms must evolve very elaborate adaptations 
to enable them to resist the active defenses of the human body, to 
attack our cells, and to pass from one person to another. That a micro¬ 
organism should have evolved such a capacity in the absence of experi¬ 
ence with human hosts or similar organisms seems quite unlikely. How¬ 
ever, a converse argument can also be put: that we have evolved our 
specific defenses against terrestrial bacteria, and we might be less capable 
of coping with organisms that lacked the proteins and carbohydrates 
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by which they could be recognized as foreign. Furthermore, a few 
diseases are already known (e.g., psittacosis, botulism, aspergillosis) 
whose involvement of man seems to be a biological accident. These 
arguments can only be resolved by more explicit data. Nonetheless, 
if they are harmful at all, exobiota are more likely to be weeds than 
parasites, to act on our agriculture and the general comfort of our 
environment, and to be pervasive nuisances than acute aggressors. But 
even the remotest risk of pandemic disease, and the greater likelihood 
of serious economic nuisance, must dictate a stringent embargo on the 
premature return of planetary samples or craft that might inadvertently 
carry them. Again, our preliminary experiments must give us the 
foundation of knowledge to cope with exoorganisms, even select those 
which may be of economic benefit. A parallel development of technique 
for disinfection may mitigate some of these problems; at present the 
prospects for treating a returning vehicle to neutralize any possible 
hazard are at best marginal by comparison with the immensity of the 
risks. 

Of the possible payloads for interplanetary travel, living man of course 
excites the widest popular interest. In due course, he may be supported 
by a sufficient payload to accomplish useful tasks in exploration beyond 
the capacities of instrumentation. However, he is a teeming reservoir 
of microbial contamination, the most difficult to neutralize, and an 
especially apt vehicle for infectious organisms. In view of these dif¬ 
ficulties, and in so far as manned space flight is predicated on the return 
of the crew, a sound basis of scientific knowledge from instrumented 
experiments is a sine qua non for the planning of such missions. 

Timely effort now to devise and build instrumented experiments is 
essential to keep pace with the technical capacities of space vehicles. 

Many of the ideas presented in this statement are not new. In the 
scientific literature, they have been treated only occasionally, for exam¬ 
ple, in a remarkable article by J. B. S. Haldane (1954). They are also 
anticipated in the classic works of science fiction, e.g., H. G. Wells’ 
War of the Worlds, and by a flood of derivative fantasies of less certain 
quality either as science or as fiction. This kind of attention lias not 
necessarily helped the realistic evaluation of the biological aspects of 
space travel, which may still be dismissed as overimaginative by 
some of our colleagues. However, exobiology is no more fantastic than 
is the realization of space travel itself, and we have a grave responsibility 
to explore its implications for science and for human welfare with our 
best scientific insights and knowledge. 

The continued interest and advice of M. Calvin, R. Davies, N. Horo- 
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witz, S. E. Luria, A. G. Marr, D. Mazia, A. Novick, C. Sagan, G. Stent, 
H. C. Urey, C. B. van Niel, and H. Weaver, among many others, have 
made this discussion possible. 
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A NOTE ON THE SPACE SCIENCE BOARD 


The Space Science Board of the National Academy of Sciences 
serves science in several ways. It is advisory to government agencies 
charged by the Congress with executive responsibilities in the field of 
space activity. It provides a focus for the interests of American science 
and a voice for the scientific community. It serves as the national means, 
through the Academy, for cooperation with the international community 
as represented by the International Council of Scientific Unions (ICSU) 
and specifically, the Council’s Committee on Space Research (COSPAR). 
The historical roots of these functions are to be found in the IGY. 

Before the IGY came to a close, the Academy’s IGY Committee and its 
Satellite Panel became concerned with the continuity of scientific work in 
space. Similar concerns were expressed by officials in the government, 
particularly by the Director of the National Advisory Committee for 
Aeronautics, which later became the NASA, and by the Director of the 
National Science Foundation, who expressed their interest in the estab¬ 
lishment of a Space Science Board by the Academy. It was also known 
that the ICSU expected to establish COSPAR and that it would then call 
upon adhering academies to provide appropriate means for their participa¬ 
tion in the work of this committee. 
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The President of the Academy, Dr. Detlev W. Bronk, accordingly 
established the Space Science Board in June 1958 and delineated its 
functions as follows: 

“ ... It is my hope that the Board will give the fullest possible 
attention to every aspect of space science, including both the physical 
and the life sciences. I believe that we have a unique opportunity to 
bring together scientists from many fields to survey in concert the prob¬ 
lems, the opportunities, and the implications of man’s advance into space, 
and to find ways to further a wise and vigorous national scientific program 
in this field. 

“We have talked of the main task of the Board in three parts—the 
immediate program, the long-range program, and the international 
aspects of both. In all three we shall look to the Board to be the focus 
of the interests and responsibilities of the Academy-Research Council 
in space science; to establish necessary relationships with civilian science 
and with governmental scientific activities, particularly the proposed 
new space agency, the National Science Foundation, and the Advanced 
Research Projects Agency; to represent the Academy-Research Council 
in our international relations in this field on behalf of American science 
and scientists; to seek ways to stimulate needed research; to promote 
necessary co-ordination of scientific effort; and to provide such advice and 
recommendations to appropriate individuals and agencies with regard to 
space science as may in the Board’s judgment be desirable. 

“As we have already agreed, the Board is intended to be an advisory, 
consultative, correlating, evaluating body and not an operating agency 
in the field of space science. It should avoid responsibility as a Board 
for the conduct of any programs of space research and for the formulation 
of budgets relative thereto. Advice to agencies properly responsible for 
these matters, on the other hand, would be within its purview to provide 

The membership of the Space Science Board consists of L. V. Berkner 
(chairman), Harrison S. Brown, Leo Goldberg, II. Keller Hart line, 
Donald F. Plornig, William W. Kellogg, Christian J. Lambertsen, Joshua 
Lederberg, Colin S. Pittendrigh, Richard W. Porter, Bruno B. Rossi, 
Alan H. Shapley, John A. Simpson, Harold C. Urey, James A. Van Allen, 
O. G. Villard, Jr., Harry Wexler, George P. Woollard, Hugh Odishaw 
(executive director), and R. C. Peavey (secretary). 

To examine various fields of science, in terms of research, a number of 
committees and panels have been established by the Board: 

Chemistry of Space and Exploration of Moon and Planets: Harold C. 
Urey (chairman), Harrison S. Brown (vice-chairman), Harry IT. Hess, 
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A. II. Iiibbs, Mark Inghram, Zdenek Kopal, Gordon J. F. MacDonald, 
I rank Press, William M. Sinton, G. de Vaucouleurs, Fred L. Whipple, 
George A. Derbyshire (secretary). 

Optical and Radio Astronomy: Leo Goldberg (chairman), Lawrence H. 
Aller, Horace W. Babcock, Gerald M. Clemence, A. D. Code, John W. 
Lvans, Jr., John hindlay, Herbert Friedman, Roger Gallet, G. H. Herbig, 
Frederick 1. Haddock, Jr., Walter Orr Roberts, Lyman Spitzer, Jr., 
Martin Sehwarzschild, Edward R. Dyer, Jr. (secretary). 

b uture l chicular Development: Donald F. Hornig (chairman), J. P. T. 
Pearman (secretary), ad hoc membership depending upon the subject. 

Inter national Relations: Richard W. Porter (chairman), Herbert 
Friedman, Leo Goldberg, Hugh Odishaw, Homer E. Newell, Jr., Howard P. 
Robertson, Alan II. Shapley, Harry Wexler, Joel Orlen (secretary). 

Space Projects: Bruno B. Rossi (chairman), Thomas Gold, Salvador E. 
Luria, Philip Morrison, J. P. T. Pearman (secretary). 

The Atmospheres of the Earth and Planets: Alan H. Shapley (chairman), 
Henry G. Booker, Joseph W. Chamberlain, Robert Jastrow, C. Gordon 
Little, Laurence A. Manning, A. H. Waynick, R. C. Peavey (secretary). 

Physics of Fields and Particles in Space: John A. Simpson (chairman), 
James A. Van Allen (vice-chairman), Joseph W. Chamberlain, William 
Kraushaar, Eugene N. Parker, E. Ii. Vestine, John Winckler, J. P. T. 
Pearman (secretary). 

General Engineering Service and Co-ordination: O. G. Villard, Jr. 
(chairman), J. P. T. Pearman (secretary), ad hoc membership depending 
upon the subject. 

Mclear ological Aspects of Satellites: Harry Wexler (chairman), Charles 
C. Bates, George Benton, Sigmund Fritz, William W. Kellogg, Norman 
Phillips, Ernst Stuhlingor, Verner E. Suomi, William K. Widger, Jr., 
Edward R. Dyer, Jr. (secretary). 

Dialogical Research: II. KolTer Hartline (chairman), Howard J. Curtis, 
L. E. Farr, Thomas Francis, Christian J. Lambcrtscn, Joshua Lederberg, 
E. K. MacNichot, Colin S. Pittendrigh, Otto II. Schmitt, Edward L. 
Tatum, George A. Derbyshire (secretary). 

Geodesy: G. P. Wool lard (chairman), R. K. C. Johns, D. A. Lautman, 
William Markowitz, W. J. O’Sullivan, Donald A. Rice, Hell mu t Schmid, 
Charles A. Whitten, Edward R. Dyer, Jr. (secretary). 

Upper Atmosphere Rochet Research: W. W. Kellogg (chairman), H. J. 
aut'm Kainpe, Warren W. Horning, W. W. Elam, Robert, D. Fletcher, 
Herbert Friedman, Stanley M. Greenfield, John H. Masterson, Willis 
Webb, Harry Wexler, George A. Derbyshire (secretary). 

Exobiology: Joshua, Lederberg (chairman), Paul Berg, Melvin Calvin, 
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Richard Davies, Norman Horowitz, A. G. Marr, Daniel Mazia, Aaron 
Novick, Carl Sagan, C. B. van Niel, Harold F. Weaver, George A. 
Derbyshire (secretary). 

Environmental Biology: Colin S. Pittendrigh (chairman), Alan H. 
Brown, Theodore H. Bullock, George A. Derbyshire (secretary). Ad hoc 
working groups and additional members are called upon as needed. 

Man in Space: C. J. Lambertsen (chairman), Howard J. Curtis, 
James D. Hardy, H. Keffer Hartline, James Henry, Joshua Ledcrbcrg, 
Norton Nelson, Colin S. Pittendrigh, Richard W. Porter, John W. 
Senders, George A. Derbyshire (secretary). 

In addition, expert panels and working groups have been created from 
time to time for the examination of special topics. 

The Board has provided advice and recommendations on a variety of 
subjects relating to basic research; it has served to represent the interests 
of scientists broadly; and it has sought to provide a broad scientific base 
for current and future United States space science efforts by stimulating 
the interests of leading scientists in space and by affording a forum for 
discussion of research problems by the scientific community. 

Immediately upon its establishment the Board collected proposals 
and suggestions from the national scientific community for additional 
projects in space science research which should follow upon the accom¬ 
plishment of the IGY satellite and rocket program. The Board’s com¬ 
mittees assessed some 200 proposals and provided recommendations 
concerning these projects to the National Aeronautics and Space Adminis¬ 
tration and the National Science Foundation in the fall of 1058 and early 
1959. These studies proved especially valuable by enabling the NASA, 
promptly upon its establishment, to organize the initial program of 
post-IGY space research. They also provided for an orderly transition 
from the IGY period to the post-IGY effort. 

The Board has regularly reviewed space programs and plans of the 
various government agencies and has inspected vehicle development and 
launching facilities as well as laboratories. Following the initial activities 
noted in the preceding paragraph, the Board and its committees have 
conducted systematic studies of the interests of science in space, field by 
field. These studies have occupied most of the energies of the Board; 
extensive recommendations have been submitted to the government; and 
the chapters of this book are suggestive of the scientific findings of the 
Board and its committees. 

In addition to this basic activity, the Board has considered a variety of 
special topics, of which the following are illustrative: the problem of 
contamination of extraterrestrial bodies and of back contamination of the 
Earth, the need for exclusive allocation of radio frequencies for use in 
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space research, ground-based radar astronomy, photochemical aspects of 
space (especially the photochemistry of the far ultraviolet), the analysis 
o meteoiites, laboratory astrophysics, nuclear propulsion, rocket launch- 
sites, aspects ol mathematics and its potential contributions to a 
\anety ot space problems, and experiments concerned with artificial 
ionospheres. The Board has also provided guidance to the rocket and 
satellite su been ter of World Data Center A, located in the Academy and 
charged with international interchange of geophysical data. The sub- 

centci, established during the IGY, has issued two series of reports, listed 
at the end of this note. 

I he Board has participated extensively in the activities of the Com¬ 
mittee on Space Research (COSPAR), established by the International 
mimed of Scientific Unions (ICSU) to continue and extend international 
cooperation in space research along the lines of the IGY. Dr. Richard W. 
1 or tei, Boaid ineinbei and chairman of its Committee on International 
Relations, has served as the Academy’s chief delegate to COSPAR. He 
is a vice president of COSPAR and a member of its Executive Council. 

In this area the Board has served to represent the scientific community 
of the United States and has coordinated national interests and contribu¬ 
tions relevant to the activities of COSPAR. It compiles, and submits 
annually to COSPAR., the national contribution in space research. It 
ai ranges for U.S. participation in the assemblies, symposia and scientific 
working groups ol COSPAR and in such programs as the annual COSPAR 
i 11 to rnational re >e k e I in ter vals. 


LIST OF ROCKET AND SATELLITE REPORTS 

These series of reports were initiated during the IGY in partial fulfill¬ 
ment of t he international data interchange agreements. The series are 
continuing under Hie national auspices of the Rocket and Satellite Sub- 
center of World Data Center A at the Academy and the international 
aegis of COSPAR. Requests for the reports, each costing one dollar, 
may be addressed to the Publications Office, National Academy of 
Sciences, Washington 25, D.C. 

Rocket Series 

No. 1 . Experimantal Results of the U.S. Rocket Program, for the Inter¬ 
national Geophysical 1 ear to t July, 1958, edited by John Hanessian, Jr. 
and Ilene ( hiUmaeher. 250 pp., July, 1958. Thirty papers on: summary 
results ol the IIS-I(5Y rocket program to 1 July 1958; atmospheric struc¬ 
ture; ion composition of the arctic ionosphere; ionospheric measurements; 
auroral particles and soft radiation; solar radiation, cosmic rays, and the 
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earth’s magnetic field; U.S. Air Force and BRL rocket programs for the 
IGY. 

No. 2. Flight Summaries for the U.S. Rocketry Program for the Inter¬ 
national Geophysical Year , Part 1: 5 July , 1956-30 June , 1958, compiled 
by Pembroke J. Hart and Ilene Guttmacher. 193 pp., March 1959. 
Launching information (time, place, date), objectives, instrumentation, 
and preliminary report on performance of the rocket and instrumentation. 

No. 3. Flight Summaries for the U.S. Rocketry Program for the Inter¬ 
national Geophysical Year , Part II: 23 May-31 December 1958, compiled 
by Pembroke J. Hart and Ilene Guttmacher. 120 pp., Sept. 1959. 
Includes 20 pre-IGY rockets not in Part I and 5 rockets planned as part 
of the IGY program but postponed to 1959. Launching information 
(time, place, date), objectives, instrumentation, and preliminary report 
on performance of the rocket and instrumentation. 


No. 4. Magnetic Exploration of the Upper Atmosphere, by Laurence J. 
Cahill, Jr. 87 pp., October, 1959. A report on the program of shipboard 
launchings of rocket-borne magnetometers conducted by the State 
University of Iowa. 


No. 5. Upper Air Densities and Temperatures from Eight IGY Rocket 
Flights by the Falling-Sphere Method, by L. M. Jones, J. W. Peterson, M J. 
Schaefer, and H. F. Schulte. 102 pp., December, 1959. Thirty pages of 
text, 11 tables, 68 figures. A technical report on experimental techniques 
and tabulations of observations and results obtained from falling-sphere 
experiments on board eight IGY rockets, conducted by the University of 
Michigan. (Included in a pocket is a reprint from the Journal of 
Geophysical Research , December, 1959, of an article by the same authors, 
based on the results of these and other rocket flights') 


No. 6. A Second Compilation of U.S. IGY Rocket Program Results, com¬ 
piled by J. P. T. Pearman and Ilene Guttmacher. 198 pp., November, 
1960. Twenty-two papers on: physical properties of the atmosphere; 
atmospheric composition; electron densities and collision frequencies; 
energetic particles and auroras; terrestrial magnetism; solar radiation.' 
Reprinted from several journals and symposia. 


Satellite Series 

No. 1. Processed Observational Data for USSR Satellites 1987 Alpha ami 
1957 Beta, by R. N. Adams, N. McCumber, and M. Brinkman. 120 pp., 
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March, 1958. Pour-page introduction on sources and processing of data; 
11G pages of catalogue of observations and station coordinate list. 

No. 2. Status Reports on Optical Observations of Satellites 1958 Alpha and 
1958 Beta, edited by G. F. Schilling. 41 pp., April, 1958. Twelve papers 
on: preliminary results from optical tracking of the U.S. earth satellites; 
optical satellite observations; scientific results; use and distribution of 
satellite predictions; and Harvard announcement cards. 

No. 3. Some Preliminary Reports of Experiments in Satellites 1958 Alpha 
and 1958 Gamma, by various authors. 100 pp., May, 1958. Five 
articles: Status Reports on Optical Observations of Satellites 1958 Alpha 
and 1958 Beta; Determination of the Orbit of 1958 Alpha at Vanguard 
Computing (enter; Satellite Micrometeorite Measurements; Satellite 
Temperature Measurements for 1958 Alpha; The Observation of High 
Intensity Radiation by Satellites 1958 Alpha and Gamma. 

No. 4. Observational Information on Artificial Earth Satellites , by J. A. 
H y» ek iUKl G - F - Schilling. 88 pp., July, 1958. Nine papers on: the 
USSR satellites; the U.S. satellites; satellite characteristics and scientific 
results. 

No. 5. Radio Observations of Soviet Satellites 1957 Alpha 2 and 1957 
Beta i, by James W. Warwick. 50 pp., July, 1958. Three parts: 
Determination of Passage Parameters from Simple Interferometer 
Records; Preliminary Results of the Analysis of Ionospheric Fading and 
Interferometer Effects; Spin Fading. 

No. 6. Reports and Analyses of Satellite Observations , by various authors. 
60 pp., Aug. 1958. Four papers: Moonwatch Catalogue (tables); 
Preliminary Note on the Mass-Area Ratios of Satellites 1958 Delta 1 and 
1958 Delta 2; The Descent of Satellite 1957 Beta 1; Positions of Satellite 
1957 Beta 1 during the First 100 Revolutions (tables). 

No. 7. Simplified Satellite Prediction from Modified Orbital Elements , 
by Leonard N. Cormier, Norton Goodwin, and Reginald K. Squires. 
54 pp., January, 1959. This report, is intended primarily to serve the 
needs of participating observers of satellites. Orbital elements a,re dis¬ 
seminated by IG V World Warning stations, and by the volunteer organ¬ 
izations tor tracking !G\ satellites Moonbeam (radio), Moon-watch, 
(telescope) ami Photolraek (camera) and are not available through 
World I)a.t,a Center A. 

No. S. hphemems oj Satellite 1957 Alpha 2 and Collected Reports on 
Satellite Observations, by various authors. 122 pp., June, 1959. Part I: 
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Ephemeris (3-minute read-out), Part II: Ten papers dealing with tech¬ 
nical parameters and orbital acceleration of satellites, earth’s gravita¬ 
tional potential, effects of sun and moon on satellites, empirical formula 
for ephemerides, atmospheric structure. 

No. 9. Symposium on Scientific Effects of Artificially Introduced Radi - 
ations at High Altitudes. 88 pp., September, 1959. A reprint from the 
Proceedings of the National Academy of Sciences, August 1959, pp. 1141- 
1228, containing seven papers presented at a symposium of the National 
Academy of Sciences. Topics include the Argus experiment; satellite 
observations of electrons artificially injected into the geomagnetic field; 
Project Jason measurement of trapped electrons from a nuclear device by 
sounding rockets; theory of geomagnetically trapped electrons from an 
artificial source; optical, electromagnetic, and satellite observations of 
high-altitude nuclear detonations. 

No. 10. The Determination of Ionospheric Electron Content and Distribu¬ 
tion from Satellite Observations, by 0. K. Garriott. 65 pp., January, 1960. 
Analysis of 20 me telemetry and 40 me second harmonic from satellite 
1958 Delta 2 (Sputnik III) for the period September 1958-April 1959. 

No. 11 . Observations of Corpuscular Radiation with Satellites and Space 
Probes, by various authors. 125 pp., June, 1960. Contains 14 articles 
reprinted from several journals and symposia. 

No. 12. IGY Satellite Ionospheric Research, based on observations of 1957 
Alpha 2 and 1958 Delta 2, by various authors. 80 pp., December, 1960. 
Three papers on: Ionospheric electron content from the Faraday-rotation 
fading and dispersive Doppler effect of transmissions from 1958 Delta 2 
(Sputnik III), and analysis of scintillation of signals from 1957 Alpha 2 
and 1958 Delta 2 (Sputniks I and III). 

No. 13. Satellites 1958 Alpha and Gamma: High Intensity Radiation 
Research and Instrumentation, by various authors. 106 pp., January, 
1961. Unedited transcript of the presentation on May 1, 1958, by James 
A. Van Allen of the first results v of high-intensity radiation observations 
made by satellites 1958 Alpha and Gamma (Explorers I and III); and 
descriptions of the related instrumentation carried by these satellites. 
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Legendre polynomials, 128 
Life, abstract definition of, 409 
biochemical system for, 408, 409 
chemical attributes of, 409 
on Mars (see Mars) 
on Mercury, 418 
on Moon, 418 
nonterrestrial, 407 
origin of, 26, 403, 407, 412 
on planets, 204 
self-replication, 412, 415 
on Venus, 199, 208, 448 
Limb darkening, 309, 310, 333 
Limb reddening, 309 
Line profiles, 376, 380 

Lyman alpha, 28, 333, 380, 387 
Lorentz transformation, I 16 
Luminosity, stars, 99, 345, 351-353, 361, 
363 

Sun, 100, 229, 307 
supernovae, 353 
Luminosity function, 356 
Luminosity-mass ratio, galaxies, 378 
stars, 345, 346, 351 
Lunar probes, 195, 196 
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Lunar satellites, 195 
Lunik I, 42 

(See also Meclita) 

Lunik II, 42, 84 
Lunik III, 41, 51 
Luxembourg effect, 172 
Lyman continuum, 373, 374, 379, 384, 387 
limit, 373 

Lyman lines, 373, 374, 379 

-alpha, 28, 51, 1GG, 242, 320, 323, 332- 
334, 309, 370, 373, 370, 379, 380, 
384, 385 

Doppler shift, 370 
profile, 28, 333, 380, 387 
-beta, 385 
series, 374, 375, 379 


M 3, 357, 358 
M 31, 350, 388 
M 33, 354 

Mach’s principle, 93-95 
Magnetic fields, 25, 103, 109 -171, 224, 
225, 241, 215-247, 299 
coronal heating by, 224 
disordered, 250 

of Earth (sec Geomagnetic field) 
galactic, 221 

interplanetary, 57, 83, 84, 221, 222, 

229 238, 217, 248, 251, 252, 254, 
272, 273, 300 
of Jupiter, 214 
lunar, 81, 200 
mirror points, 79 
particle scattering, 218 
particle trapping, 247 
(See also Particles) 
pert urbation of, 81 
planetary, 205, 200, 282, 283 
relnl ion to For! >ush decrease, 84 87, 270 
release of energy ns kinetic energy', 222, 
24 1 

solar (sec Sun, magnetic field) 
structure and relation to Van Allen 
belts, 80, 81 

Magnetic immurements, 103 
Magnetic rigidity, 255, 201, 271 
Magnetic storm, 50, 00, 80, 80, 270, 297 
Magnetohydrodynamies (.see under I ly- 
dromugnetie) 

Magnetoionie duct propagation, 177 
Man in space, 18, It), 103, 107 
contamination problem, 124 
physiological problems, 20 


Mare Imbrium, 187 
Mare Tranquillitatis, 187 
Mare Vaporum, 193 
Mars, 210-214 

atmosphere of, 202, 213, 214 
blue haze, 213 
dust storms, 210, 211 
exploration of, 27 
glaciers, 212 

hydrogen escape from, 213 
interior structure, 205, 212 
life on, 199, 210, 212, 409, 417, 418 
mass, 213 
oblate ness, 211 
radius, 213 
shape, 211, 212 
trapped particles, 282, 283 
voloanism, 204 
water, 204, 212, 213 
Mass, of galaxy, 370 
of gas in air galaxy, 372 
inertial, 115 
of Mars, 213 
of planets, 92 
of protostars, 351 
of stars, 395 
total, 371 

Massachusetts Institute of Technology, 
110 

Mechta (Lunik I), 40, 70, 84, 270, 278, 
281 

Mercury, atmosphere of, 203 
density of, 205 
features of, 200 
life on, 418 

perihelion rotation, 92, 08, 114 
Mercury, Project,, 20 
Meteoric dust, 110, 109, 179 

(See also Interstellar matter or me¬ 
dium ) 

Meteorite ages, 100 

Meteorites, 189, 191, 192, 191, 203, 200, 
405, 410 

Meteorological rockets, 139, 159 100 
Meteorological satellites, 50, 140 144, 
147-154, 107 

Meteorology, 10, II, 17, 23, 139-155 
Meteors, 171, 179 
Microbiological probes, 419 
Mid-Atlantic ridge, 105 
Milky Way, 345, 380, 390 
plane of, 380 

(See also (lalaxy or Milky Way System) 
Milne’s gravitation theory, 98 
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Modulation, solar, of primary cosmic ra¬ 
diation, 203-274 

Molecules, 372 
absorption, 385 
collisions, 109 
complex organic, 410-415 
in upper atmosphere, 103-164 
on Venus, 207-210 

Moon, 26, 49, 185-197 
age of surface, 188 
atmosphere, 188, 203 
carbon, 189 
color, 188 

composition, 186, 189, 192 
cosmic ray activity, 188 
craters, 51, 186 
density, 186, 192, 205 
expansion, 105 
exploration, 19 
formation, 186 
interior, 192, 194 
iron, 186 

irregular shape, 191 
lava flows, 186 
life on, 418 
longitude, 109 
lunar probes, 195, 196 
lunar satellite, 195 
magnetic field, 84, 206 
manned landing, 197 
motion, 108-109, 111 
orbit, 194 

origin of solar system, 194 

quakes, 194 

radio observations, 192 

radioactive heating of interior, 194 

samples, return of, 196 

seas, 51 

secular acceleration of, 104 
seismic activity, 195 
seismic studies of, 194 
shape, 101, 191 
structure, 51, 194 
surface characteristics, 188, 191 
temperature, 100, 101, 189 
tide, 101, 194 

trap for living organisms, 416 
trapped particles, 282, 283 
volcanism, 204 

Mossbauer effect, 92 

Motion, dependence of (7 on, 106-108, 112 
gas clouds, 371 
lunar, 108-109, 111 
relaxation time of, 353 


Motion, velocity distribution of, 345 
stellar, 99-100, 354, 370, 394-396 
Multiple-star systems, 395 
Musen theory of orbital analysis, 55 


National Academy of Sciences, 9, 65, 429, 
430, 433 

National Aeronautics and Space Adminis¬ 
tration, 12-15, 32, 33, 43, 44, 52, 
160, 164, 336, 429 

National Bureau of Standards, 110, 115 
National Meteorological Center, 153 
National Science Foundation, 32, 33, 429, 
430 

Naval Research Laboratory, 162, 336 
Navigation, 18 
Near space, 23 

Nebulae and nebulosities, 167, 343, 362, 
364, 365, 386 

collision of gaseous elements, 365 
collision with gas cloud, 368 
composition, 377 

diffuse nebulosity emission, 364, 365 
electron density, 362 
electron pressure, 362 
energy balance, 362 
gaseous, 365, 377 
internal motions, 394 
planetary, 353, 365, 366, 369, 379, 387 
temperature, 377 
Nebular emissions, 384 
Nephanalysis, 143 

Neutron, cosmic ray albedo, 78, 280 
decay of, 79, 280 
NGC 205, 350 

Night sky, ultraviolet survey, 362, 360, 
376 

Nimbus satellite, 1 11 
1957 Alpha, 41 

1957 Beta, 41 

1958 Alpha, 38, 275, 278 
1958 Beta, 38 

1958 Delta, 41 
1958 Epsilon, 38, 276 

1958 Gamma, 38, 275, 278 

1959 Alpha, 38, 147 
1959 Delta, 38 
1959 Eta, 38 

1959 Iota, 38, 148 

1959 Theta, 41 

1960 Alpha, 40 
1960 Beta, 39 
I960 Epsilon, 41 
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I960 Eta 2, 39 
I960 Iota, 39 
1960 Lambda, 41 
1960 Pi, 39 
1960 Rho, 41 
I960 Xi, 39 

Nitrogen on Mars, 214 
Noctilucent clouds, 171 
Nonrelativistie solar particles, 254, 256 
North Pole, 54 
Novae, 12, 13, 15, 353 
Nucleic acids, 410, 411 
Nucleic hypothesis, 415 
Nucleotides, 413 


Olbers’ paradox, 384 

Orbital perturbations, 55, 133 

Orbiting solar observatory, 330, 337 

Orbiting space station, 396 

Orbiting telescopes, 385, 387 

Origin of life, 26, 403, 407, 412 

Orion, 370, 373, 385, 386 

Orion Nebula, 304, 365 

Oxidation of atmospheres of planets, 202 

Ozone, 14 1, 163 


Panspermia, artificial, 417 
natural, 416 
Parallax, 394, 395 
solar, 1 13 

Particles, acceleration of, 222, 239-259 
alpha, 247 
arrival of, 257 
auroral, 105 

Capetown anomaly, 78, 79 
charged, 03 
decay, 251 
density, 78 

diffusion through magnetic fields, 248- 
250 

dispersion effect, 244, 252 
dynamics of trapping, 275 
energel ie, 50, 75, 221 227, 212, 245, 
252, 255 

energy spectra, 223 
escape, 251 

Fermi acceleration mechanism, 254 
galactic, 258, 259 
gravitational treatment of, 90 97 
Indium nuclei, 247 
kinetic energy of, 50 
low-energy, 215, 257, 273 


Particles, magnetic rigidity of, 245 
motions of, 224 
nonrelativistie, 240, 247, 259 
production of, solar vs. stellar, 258 
propagation of, in solar system, 239- 
259 

random walk, 252 
relativistic, 239, 258, 205, 266 
solar, 50, 165, 242, 254, 250, 258 
solar modulation of, 201—274 
solar protons, 243, 245-247 
spectra of, 223 
storage, 239, 240, 251 
streams of, 61, 235, 325, 335 
(See also Solar wind) 
trapped geomagnetically, 61, 63-64, 67, 
165, 224, 225, 275-295, 302, 323 
acceleration of, 281 
around Moon, 282 
around other planets, 282 
composition, 282 
geophysical role, 281 
injection mechanism, 78 
intensities, 282 
intensity distribution, 276 
mechanism of trapping, 283 
nature of, 277-280 
neutron decay, 79 
neutron origin of, 280 
proton spectrum, 79 
solar origin of, 280 
temporal fluctuations, 279 
very low energy, production of, 246 
(Sec also under Electron; Hydrogen; 
Neutron; Proton) 

Pendulum clocks and gravitational 
mass and acceleration, 108 
Perihelion rotation, 92, 98 
Photochemical experiments and reac¬ 
tions, 32, 163-104, 478 
Photosphere, 224, 229, 230, 232, 212, 253, 
309, 312, 314 

Physical constants, 93, 95, 96 
atomic,, 99 
astrophysical, 95 

gravitational (see Gravitational con¬ 
stant) 

Physiological problems, 20 
Pioneer I, 40, 71, 83, 84 
Pioneer 111, 9, 40, 70, 71, 270, 281 
Pioneer IV, 9, 40, 70, 71,80, 277, 278, 281, 
283 

Pioneer V, 40, 84 80 
Plages, solar, 310, 319 
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Planetary astronomy, 32 
Planetary nebulae, 353, 365, 366, 360, 387 
Planetary system, evolution of, 101 
Planetlike bodies, 394, 395 
Planetoids, 416 
Planets, 26, 49, 199-217 
atmospheres of, 200 
oxidized, 202 
table of composition, 201 
atmospheric dust, 420 
aurora of, 301 
basic research, 31 
composition of, 205 
escape of hydrogen, 202, 213 
exploration of, 19 
interior structure of, 204, 205 
life on (see Life; Mars) 
magnetic fields of, 205, 206 
masses of, 92 

microscope system for, 421 
space experiments, 216, 217 
surface features, 203, 204 
surface samples, 420, 421 
return of, 407 

terrestrial contamination by, 423 
trapped particles, 282, 302 
(See also Particles) 

Plasma, 9, 57, 58, 60, 82, 85, 224, 225, 241, 
247, 250, 252, 256, 273, 283, 298 
Pleiades, 356, 357 

Polar blackouts (polar-cap absorption), 
50, 86, 162, 179 
Populations, stellar, 344-358 
Baade I and II, 345 
criteria, 345 
definition, 345 

Hertzsprung-Russell diagram, 346 
Population I, 345, 347, 349, 353, 356, 
360, 380 
in M31, 350 
in M33, 354 

Population II, 345, 356, 360, 390 
in elliptical galaxies, 349 
in NGC 205, 350 
relation to evolution, 348 
spatial distribution, 345 
time sequence, 379 
Potassium-argon dating, 188 
Prcstellar smoke, 415 
Princeton University, 110 
Princeton University Observatory, 385 
Probiotic nutrition, 415 
Project Mercury, 20 
Project Stratosphere, 311 


Prominences, solar, 231, 316, 320 
Propagation, of radio waves, 179-180 
of radio-frequency waves, 172, 175, 179 
in ducts, 177 
in ionosphere, 62-64 
whistlers, 62, 177 
of sound waves, 172 
Proper motion of stars, 394, 395 
Proteins, 411 
Proton-proton cycle, 352 
Proton spectrum, 79 
Protostars, 348, 351, 356 
Ptolemaeus, 187 

Pulse-transponding equipment, 113 


Radial solar field, 235, 236 
Radiant energy, 56, 140 
Radiation (see Radio-frequency radiation 
or waves; Ultraviolet radiation; 
X-rays; other specific subjects) 
Radiation balance, 146, 148, 152 
Radiation belts, artificial, 67 

Van Allen (see Van Allen Radiation 
Belts) 

Radiation pressure, 55, 154 
Radiation rate of stars, 99 
Radio astronomy, 29 

(See also Radio-frequency radiation or 
waves) 

Radio “blackouts,” 179 
Radio bursts, spectra, 335 
Radio emission, 242 
Radio fade-outs, 171 

Radio-frequency radiation or waves, 176, 
344, 367, 380, 382 
discrete sources, 380 

(See also Crab Nebula; Cygnus A; 
Cygnus Loop; M 31;other 
sources) 

extragalactic, 380 
galactic, 380 

propagation, 62-64, 172, 175, 177, 179- 
180 

reflections, from Jupiter, 214, 216 
from Moon, 196 

refraction from satellite transmitters, 
62 

solar, 58, 324-326 

stellar, 367 

studies, 391 

(See also Cosmic noise) 

Radio noise storms, 324 
Radioactive heating, 192, 194 
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Raman scattering, 370 
Random time, 96 
Ray craters, 187 

Red dwarfs (dwarf M stars), 359, 387, 389 
Red giant stars, 345, 352, 359, 360 
Red shift, 108, 114, 379, 390 
Redstone, 12 
Refraction, 172 
Relativistic particles, 239, 258 
isotropy, 265, 266 
Relativistic precession, 92 
Relativity, 91, 92 

general theory, 91-93 
Lorcntz transformation, 116 
motion of perihelion, 113 
special theory, 116 
time dilatation, 1.15, 116 
Replicating polymer, 415 
Research in space (see Space research) 
Resonance line, 384, 385 
Reynolds number, magnetic, 234 
Ring current, 64, 83, 282 
Rockets, research by, 157-168 

atmospheric parameters, 160, 161 
general use in upper atmosphere, 6 
ionospheric densities, 160 
ionospheric winds, 160 
magnetic measurements, 163 
meteorological, 139, 159 160 


Sacramento Peak Observatory, 313, 330 
Sagittarius, 380 
Sagittarius A, 380, 388, 390 
Satellites, artificial, 9 -16, 38-42, 110 -117 

applications of, 15 
features of, 11 

general use of, in space research, 6, 11 
geodetic, 17, 130 137 
ionospheric, 171, 176 
meteorological, 56, 140 144, 147- 
154, 167 
orbits, 54 

equatorial, 141 
perturbations of, 133 
polar, 141 

studios of upper atmosphere, 169- 
181 

timing, 130 
tracking, 131, 133 136 
trajectories, 130 

(See oho ii mice names, as Kxplorer; 

Va,ngua.nl; and dales , 1957, etc., 
alphabetical under N ) 


Saturn (vehicle), 12, 13, 15, 42 
Scale height, 162 
Scattering, 343 

function of interstellar matter, 377 
ionospheric, 172, 246 
Raman, of Lyman-alpha radiation, 370 
of sunlight, 384 
of Van Allen particles, 79 
Scintillation, 172, 343 
Scout, 12, 13, 15, 42, 43 
Seismology experiments, on Moon, 194 
on planets, 217 
Self-replication, 412, 415 
Sf erics, 141 

Shock waves, 225, 236 
Skylight, 343 

(Sec also Brightness of the sky) 
Smithsonian Astrophysical Observa¬ 
tory, 52, 385 
Smoke, prestellar, 415 
Sodium vapor, 8 

experiments in upper atmosphere, 164 
Solar activity, 230, 231, 268, 271, 297, 

312, 318 
magnetic, 262 

trapped particle variations, 279 
(See also Sun; specific subjects, as 
Faculae; Solar flares; Sunspots) 

Solar flares, 50, 86, 87, 222, 231, 232, 236, 
240, 243, 246, 251, 255-258, 316, 321- 
324, 328 

cosmic ray production, 239 
energy of, 241, 253 
as generators of particles, 258 
large, nonrelativistic particles associ- ■ 
ated with, 254 
as source of energy, 253 
Solar modulation of charged particles, 
261-274 

Solar observatory, orbiting, 336, 337 
Solar parallax, 113 

Solar particles, 50, 165, 242, 254, 256, 258 
Solar prominences, 231, 316, 320 
Solar protons, 243, 245-247 
Solar radiation, 50, 141 
pressure, 54, 55 
Solar spectrum, 7, 171, 116 
Solar syst em, 56 

acceleration and propagat ion of parti¬ 
cles in, 239 259 
electromagnetic processes, 263 
simplified model showing particle diffu¬ 
sion, 249 
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Solar wind, 100, 233, 235, 237, 298, 416 
Sounding rockets, 157-168 
South African anomaly, 163 
Soviet literature, 49 
Space, as physical environment, 20 
C See also Man in space) 

Space activity, applications, 5 

conduct of important experiments, 30 
costs, 20 

exploration, 5, 404 
hazards, 21 

Space biology, 403-425 

Space Committee of Italy, 43 

Space control problems, international, 44 

Space policies, 29-34 

Space probes, 11, 70 

general use in research, 6 
Space research, 5, 6, 22, 29-34 
objectives, 22 
origins, 36 
rockets in, 157-168 
satellites in (see Satellites) 

Space Science Board of the National 

Academy of Sciences, 158, 406, 429- 
433 

Space station, orbiting, 396 
Space Technology Laboratories, Inc., 71, 
73, 80, 83 

Space vehicles, 12-15 
Spacecraft, disinfectants, 422, 424 
for man, 20 

(See also Man in space; Satellites; Space 
probes) 

Special relativity, 116 
Spectroscopy, 383 

high dispersion studies, 383, 386 
spectral resolution, 385 
spectral type, 345 
stellar, 360-364 
stellar ultraviolet, 369 
stellar X-ray, 369 
Spheroid, 126 

determinations of size and shape, 131 
Spicules, 230, 313, 328 
Spontaneous generation, 412 
Spores, 416, 422 
Sputnik I, 41 
Sputnik II, 37, 58, 65, 69 
Sputnik III, 41, 58-60, 68, 72, 276, 278 
Sputnik IV, 41 
Sputnik V, 41 
Sputnik VI, 41 
Squall lines, 142 
Star counts, 371 


Stars, carbon cycle, 351 
carbon stars, 360 
cepheid variable, 395 
cooling, 352 

effective temperature, 310 
as energy sources, 223 
evolution of, 99, 100, 344-358, 371, 372 
formation of, 372 
Hertzsprung-Russell diagram, 307 
hydrogen depletion in, 352 
hydromagnetic processes, 372 
internal structure, 352 
main sequence, 307, 345, 351, 365 
mass of, 395 
total, 371 
massive, 352 

motions, 99-100, 354, 370, 394 -396 
opacity, 361 

R Coronae Borealis, 391 
radiation rate, 99 
relative age, 359 
spatial distribution, 345 
spectra, 8, 360-364 
spectral type, 345 
temperature, 310, 346, 351 
ultraviolet spectrum, 369 
variable (see Variable stars) 
velocity distribution, 345 
X-ray spectrum, 369 
zero-age, distribution on II-It diagram, 
356 

main sequence, 351 
State University of Iowa, 275 
Stellar associations, 353-355 
Stellar populations (see Populat ions) 
Stormer’s theory, 301 
Sun, 28, 56, 351, 357, 360, 361, 386, 388 
active, 308, 312, 319, 326 
activity of, 230, 262 
atmosphere, 92, 226, 229 
brightness, 229 
convective cells, 230, 327 
convective envelope, 309 
core, 308 

corona (see Corona.) 
corpuscular emission, 298 
density, 229 

electron density, 315, 316, 324 
electron temperature, 314 
eleven-year cycle, 319 
energy production, 229 
energy transfers, 223 
granules, 230 

gravitational attraction, 57 
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Sun, gravitational rod shift of light, 92 
“hot spots,” 324, 329 
interior of, 308 
ionized gases of, 232 
limb darkening, 309, 310, 333 
limb reddening, 309 
luminosity, 229 
M-region event, 277 
magnetic field, 57, 224, 230, 252, 203, 
300, 312, 317, 318, 320, 328, 330 
mass, 229 

particle streams, 232, 299, 323, 325 
(See also Particles) 
photosphere, 309, 312, 314 
proton-proton cycle, 309 
quiet sun, 308-319 
radio noise emission, 58 
radio noise storms, 321 
radio-wave emission, 58, 321-320 
rotation, 58 


secular acceleration, 104 
short-wave radiat ion, 28 
solar radial field, 235 
spicules, 230, 313, 328 
temperature, 229, 315, 329, 331 
effective, 310 
gradient, 329 

twenty-two-year cycle, 230 

velocity relative to distant matter, 108 

X-rays, 310, 323 

(Sec also Chromosphere; Faeulae; Fila¬ 
ments; Floceuli; Fraunhofer lines; 
Granules; Plages; Prominences; 
(Sunspots; entries under Solar) 
Sunspots, 224, 230, 231, 230, 240, 24 1, 
298, 312, 318-320, 322-324, 328 
group magnetic, fields, 253 
Supernova, 300, 307, 380, 388 
explosion, 307 
Support, of research, 29-34 

Surveying, 17 

Synchrotron radiation, 222, 388 
Systematic errors in astrometry, 390 


Temperature, of Earth’s atmosphere, 
141 

frce-electron, 102 
of hydrogen in space, 371 
of interstellar matter, 303, 390 
kinetic, 310 
luminosity plot, 340 
of Mercury, 200 
of Moon, past, 100, 189 
present, 26 
of planets, 210 
of protostars, 351 
of solar wind, 233 
of stars, 346, 351 
effective, 310 
suitable for life, 4 
of Sun, 229, 310, 315, 329, 331 
of Venus, 32, 208, 210, 418 
(See also specific bodies and regions) 
Tesseral harmonics, 128 
Thermonuclear processes, 308, 348, 351, 
352 

Thor-Able, 12 

Thor-Agena B, 12, 13, 42, 43 
Th 11 nde rs tor ms, 142 
Tidal pressure variations, 172 
Time, atomic, 99 

atomic measures of, 110 
dynamic, 99 
gravitational, 99 

gravitational measure of, 103, 1.10 
kinematic, 99 
Time dilatation, 115, 110 
Time scales, 98 

TIROS I, 7, 10, 39, 55, 50, 1 11, 144, 1.45, 
147, 149, 150 
TIROS II, 39, 50, 153 
Transit satellite, 332 
Trapped particles (see Particles; Van 
Allen Radiation Belts) 
Triangulation, 125, 130 
Troposphere, 170 


T Tauri stars, 353 
Telephony, 15, 10 
Telescopes, orbiting, 385, 387 
Television, 10 

Temperature, hlaek-lmdv, 389 
chromosphere, 3 1 4 
of cloud fops, 1 53 
of corona, 332 
of Earth, 153 


Ultraviolet microscopy, 420 
Ultraviolet radiation, 7, 28, 51, 50, 105, 
100, 3 14, 359, 301,303, 304, 300, 309, 
383, 410 

Ultraviolet, spectrum, solar, 7, 171, 410 
sf cl lar, 8, 300 304 
studies in, 332 335, 383 390 
Undetected matter, 371 
U.S.S.R.. Academy of Sciences, 51 
United Nations, 42, 14, 45, 153 
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United Nations Educational, Scientific 
and Cultural Organization, 45, 46 
U.S. Naval Observatory, 110 
U.S. Weather Bureau, 144, 153, 160 
Universe, age of, and life, 112, 417 
density of matter, 378 
and gravitation, 94-95 
infinite, 95 

relativistic models, 378 
University of Chicago, 73, 80 
University of Iowa, 275 
University of Maryland, 110 
University of Michigan, 162 
University of Minnesota, 76, 78, 80 
University of Wisconsin, 385 
Upper atmosphere (see Atmosphere) 


V~2 rockets, 157 
Van Allen effect, lunar, 195 
Van Allen Radiation Belts, 4, 9, 25, 50, 
65, 66, 70, 73-82, 84, 110, 141, 165, 
179, 195, 222, 257, 275-295, 300-302, 
323, 332, 334, 336 
energy spectrum, 74-76, 282 
inner zone, 71, 278-282 
outer zone, 71, 278-282 
time variations, 281 

Vanguard I, 12, 37, 38, 51, 53-55, 58, 59 
Vanguard II, 38, 147 
Vanguard III, 38 
Variable stars, 352, 359, 391 
cepheid, 395 
cluster-type, 345, 359 
novae, 353 

R Coronae Borealis type, 391 
(See also Supernovae) 

Venus, 207-210 
atmosphere of, 202 
aurora, 208 

carbon dioxide, presence of, 208 
clouds, 32, 204, 209 
exploration of, 27 
features of, 207 
interior structure, 205 
life on, 199, 208, 418 


Venus, oceans of, 207 
radar echoes from, 113 
rotation time, 208 
temperature, 32, 208, 210, 418 
trapped particles, 282, 283 
Virgo, 385 
Virgo cluster, 99 
Vitamins, 411 
Vortices, 149-151 

WAC Corporal, 157 

Water and water vapor, effect on Earth’s 
temperature, 100, 10 L 
as environment for life, 409 
on Mars, 213 
precipitation, 141 
Water-vapor window, 141 
Weather charts, 139 

Weather observations (see Meteorological 
satellites; Meteorology) 

Weightlessness, 404 
Whistlers, 63, 177 

White dwarfs, 92, 114, 352, 356, 359, 394 
White-light emission, 242 
Wind, solar (see Solar wind) 

Winds in upper atmosphere, 159, 161, 
163, 164, 178 
Wolf-Itayet stars, 353 
World Data Center, 43, 433 
World Meteorological Organization, 45, 
153, 154 

X-rays, 7, 28, 61, 75, 165, 179, 316, 323, 
364, 367-369, 387 
Crab Nebula, 387, 388 
solar, 51, 394 
stellar, 166, 367, 373, 374 
survey, 166, 387 

Zeeman effect, 224, 318 
Zero age, distribution of stars on H-R 
diagram, 351, 356 
Zodiacal light, 178, 343, 384 
Zonal harmonics, 128 



